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The Missing Data on Coal Sampling 


By B. A. LANDRY,1 COLUMBUS, OHIO 


Beginning with the crude attempts at coal sampling re- 
ported 100 years ago, the author reviews the slow progress 
made down to 1916, when Bailey’s experimental work on 
sampling was incorporated in A.S.T.M. Designation D-21, 
Standard Method of Sampling Coal for Analysis. By this 
standard, which is still official, the gross sample taken must 
be not less than 1000 1b; a large number of increments are 
required involving considerable time and expense, which 
has led in many cases to taking smaller samples, causing 
uncertainty in representativeness of the samples. In 1930, 
Grumell and Dunningham, in England, modified the 
method to include the effect of ash content and size of 
piece on occurrence of impurities. Far less stringent 
sampling rules were subsequently formulated. Many 
studies were then commenced on this subject, and about 
1934, Subcommittee XIII of A.S.T.M. Committee D-5 be- 
gan to reconsider specifications for taking gross samples, 
and tentative standards (D492-43T) have been prepared. 


| The present paper is devoted to classifying missing data on 


coal sampling which are needed to supply information on 
(6) variability of ash of pieces by float-and- 
sink method, and by direct analysis; (c) variability of ash 
of increments; supplemented by (d) collection and analy- 
sis of gross samples of specified number of increments of 
constant weight to give confirmation of established relations 
between variables involved. Four sampling experiments are 
described from which principles are developed to bring out 
one of the important characteristics affecting the sampling 
of coal. This is the degree of mixing of the coal at the 
point of sampling. 


TTENTION has recently been called (1)? to ‘‘A Re- 
AN port to the Navy Department of the United States on 
American Coals,’”’ by Walter R. Johnson, Washington, 
whose publication in 1844 makes it now 100 years old. The 
purpose of this 400-page report was to give the results of tests on 
the evaporative power of some 44 coals, and the occasion, of 
course, was the impending conversion of the Navy from sail to 
steam navigation. 

A number of other properties of these coals were investigated 
and reported; among them was the ‘‘earthy matter”’ or ash per- 
centage. For this determination, the procedure was to select two 
specimens, usually about 4-in. lumps, pulverize each one sepa- 
rately, place from 30 to 55 grains of the powder in thimbles and 
‘“ncinerate” for 4 hoursormore. Generally, four ‘‘trials” or thim- 
ble samples were ignited for each specimen sample, but sometimes 
as Many as eight were run. 

Table 1 shows a few of the results obtained. As would be ex- 
pected, some of the pairs of ash contents determined were nearly 
the same; others differed considerably. The ignition method 


1 Assistant Supervisor, Fuels Division, Battelle Memorial In- 
stitute. Mem. A.S.M.E. 

2 Numbers in parentheses refer to the Bibliography at the end of the 
paper. S 

Presented at the Joint Fuels Meeting of THz AMERICAN SOCIETY 
or MrcuHanicaL ENGINEERS and the American Institute of Mining 
and Metallurgical Engineers, Charleston, West Va., October 30-31, 
1944. 

Nors: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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appears to have been quite precise, however; thus four trials 
of specimen No. 1, Beaver Meadow anthracite, gave, respectively, 
10.91, 11.09, 11.14, and 11.05 per cent ash. The variability of the 
results from different specimens does not seem to have caused 
concern except in the case of specimen No. 2 for the Henrico 
County coking bituminous coal; a third specimen was obtained, 
containing ‘“purer plies,’’ which was found to have 6.22 per cent 
ash and thus canceled the bad impression left by the 41.56 per 
cent ash of specimen No. 2. 

The acceptance of such crude sampling methods must reflect 
the conviction of the times, that the ash content of pieces of coal 
was essentially such a variable quantity that nothing could or, 
possibly, need be done to improve the representativeness of the 
sample analyzed. The thought did occur that a larger sample 
would be more acceptable. Once, 40 lumps were taken and 
ground down, but this practice was not repeated. 

Fifty-five years later, the necessity for taking larger samples 
had, however, become recognized. A report (2) to the American 
Chemical Society, in 1899, outlined a method of sampling cars 
whereby 18 increments (grabs) were to be taken, six scoop- 
shovelfuls (unspecified weight) along each side, and six through 
the center, at equal intervals, each taken ‘‘vertically down as deep 
as it (the scoop) will reach.”” The report added that ‘‘a more 
representative (gross) sample may be secured by taking shovelfuls 
of the coal at regular intervals during the loading or unloading of 
the car.’”’ No consideration was given to the fact that the vari- 
ability of the ash content of the increments, as it might be related 
to the ash content of the coal or to the particular distribution of 
the ash in some coals, might sometimes require a larger number 
of increments for equal representativeness. . 

In fact, it is doubtful if the implications of the word ‘‘representa- 
tiveness’”’ were fully recognized. In a United States Govern- 
ment sampling specification (cir. 1909) mentioned by E. G. 
Bailey (3) we find that ‘‘...The sample taken is to be selected 
proportionately from the lumps and fine coal in order that it will 
in every respect truly represent the quantity of coal under con- 
sideration.” 


TABLE 1 


PORTED BY W. R. JOHNSON: 
PARTMENT OF THE UNITED STATES,” 


PERCENTAGE ASH OF VARIOUS COALS, AS RE- 
“A REPORT TO THE NAVY DE- 
WASHINGTON, 1844 


-——Ash, per cent—— 


U.S. Coals Specimen 1 Specimen 2 
1 Anthracite, Beaver Meadow No. 3, Pa..... 11.05 8.69 
2 Anthracite, Peach Mountain, Pa........... 6.62 6.487 
3 Non-Coking Bit. Coal, Cumberland, Md... 4.056 6.52 
4 Non-Coking Bit. Coal, Blossburg, Pa...... -40 13.246 
5 Coking Bit. Coal, Deep Run, Richmond, Va. 14.919 5.086 
6 Coking Bit. Coal, Henrico County, Va..... ne? 41.56 
7 Coking Bit. Coal, Midlothian Coal Co., Va. 4.800 4.375 
8 Coking Bit. Coal, Pittsburgh, Pa.......... 4.17 3.26 
Foreign Coals 

9 Bituminous Coal, Liverpool, England..... 1.120 2.940 
10 Bituminous Coal, Scotland............... 12.325 14.870 


The hope that a sample of such a heterogeneous material as 
coal could ever be truly representative of the average ash was dis- 
pelled by Bailey who saw that the ash content of accurate samples 
must still show variability, and proposed that acceptable repre- 
sentativeness be expressed as the probability or chance, not the 
certainty, that the ash found will be within a certain preassigned 
range around the true average being sought. 

Bailey’s experimental work on sampling, as reported (8), con- 
sisted of riffle tests with marked pieces of coal to designate 
pieces of high impurity. From the occurrence of divided samples 
containing more than their share of high impurities, he extra- 
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polated to the chance of such occurrences in the original coal and 
arrived at large weights of gross samples as the means of fulfilling 
acceptable requirements of representativeness. 

These findings were incorporated by the American Society for 
Testing Materials, in 1916, through the adoption of A.S.T.M. 
Designation D-21, Standard Method of Sampling Coal for 
Analysis (4). By this standard, which is still official, the gross 
sample taken must not be less than 1000 lb. For small coals, 
increment may be 5 to 10 Ib, so that from 200 down to 100 of them 
must be taken uniformly over the lot of coal sampled. For run- 
of-mine or lump, increments may be from 10 to 30 lb each, and 
thus from 100 to 34 increments must be taken, to make the 1000- 
lb gross sample. 

There is no doubt that a large number of gross samples have 
been and, possibly, are now taken on the basis of A.S.T.M. D-21. 
However, the considerable expense and time involved un- 
doubtedly also led to the taking, in many cases, of smaller sam- 
ples. The consistency of the results so obtained eventually 
brought about an empirical acceptance of less stringent sampling 
procedures by coal samplers; but these were not uniform, nor 
even publicized, so that in sampling practice a situation poten- 
tially dangerous, because of the uncertain degree of representa- 
tiveness of samples, was becoming the rule rather than the ex- 
ception. 

To Grumell and Dunningham (5), in 1980, belongs the credit 
of having reopened the question. While admitting the value of 
Bailey’s work for gross-sample reduction to laboratory size, they 
were led to modify his extrapolation process to include the effect 
of ash content, and of size of piece on the occurrence of impurities, 
These considerations brought about the formulation of far less 
stringent sampling rules than those of A.S.T.M. D-21. Since 
then, the British have done a considerable amount of investiga- 
tion of the results obtained by these new sampling rules. Never- 
theless, the present British Standard (6) is very nearly that first 
suggested by Grumell and Dunningham. 

Following Grumell and Dunningham, many workers began 
studies of the theory and practice of coal sampling, and a sub- 
stantial bibliography has accumulated. Important references 
can be found in Bushell (7), Morrow and Proctor (8), and 
Grumell (9). Around 1984, Subcommittee XIII, of A.S.T.M. 
Committee D-5, began to reconsider specifications for taking gross 
samples, and tentative standards have been prepared, of these 
the latest is designated D492-48T (10). 


Tan Marw Prosiem or Coat SAMPLING 


Starting with Bailey (8), all calculations for the number of in- 
crements (grab samples) required to give a gross sample of pre- 
assigned acceptable representativeness have been based on the 
use of a formula of the simple form 


where N is the number of increments required, V is a measure of 
the variability of the ash percentage of all the increments in the 
coal when this is known, and v is a measure of the variability of 
the ash percentage of gross samples of acceptable representative- 
ness. Sometimes, this formula has been expressed as 


at Niléee 
v 


or as 


but these are obviously equivalent forms. Various measures, all 
‘precision measures,” have been used for the variabilities V 
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and v. They are called ‘‘probable error,” ‘‘average error,” or 


“standard deviation.”” These variations in usage have caused a 
few misconceptions but, generally speaking, have not invalidated 
the method. 

There has also been complete agreement on the method of de- 
termination of v, the variability of acceptable gross samples, al- 
though the American and the British standards of ‘‘acceptability,” 
at present, differ somewhat. 

The main problem, which has concerned workers in the field of 
coal sampling for the last 15 years, has been the investigation 
of the nature of V, the variability in ash percentage of the coal to 
be sampled, in order to make it possible to relate this variability 
to definite characteristics of the coal, such as the size of the pieces 
and the approximate average ash content, and to the main 
character of the increments, which is of course their weight. 

The usual approach for this study has been rather empirical, 
however, and has not led, until recently, to specific and definite 
relations. Nevertheless, from the extensive sampling experience 
obtained, there has accrued a remarkable sense or estimate of the 
number of increments required for acceptable accuracy. Another 
way of expressing this thought is to say that the theoretical ap- 
proach has lagged somewhat behind the experimental. For that 
reason some of the conclusions which could be derived from exist- 
ing sampling experiments have been overlooked and _ specific 
directives for new experimental work have not been fully recog- 
nized. The object of this study is to inquire into the nature of 
these missing data on coal sampling in the light of recent develop- 
ments in the theory of coal sampling. 


REPRESENTATION OF VARTABILITY AND MBANING OF ACCEPTABLE 
VARIABILITY OR REPRESENTATIVENESS 


The variability of the ash content of pieces of coal, or of inere- 
ments, or of gross samples composed of a given number of in- 
crements, can be represented very simply. Fig. 1 shows, as an ex- 
ample, the variability of the ash content of 50 increments, of 8 lb 
weight each, of a raw nut-slack (0 X 2-in.) coal from Western 
Pennsylvania (11). Each increment was analyzed separately, 
and the step curve shown was plotted after rearranging the ash 
percentages found in an ascending order. The scale of abscissas 
is arbitrary in length but, of course, the same length of step is 
assigned to each increment; multiple lengths of steps represent 
multiple increments of the same ash percentage. 

Had a‘larger number of increments been taken and analyzed 
separately, the number of steps in the curve would have increased 
proportionately, but the chances are that the general shape would 
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have maintained itself, while becoming more smooth. Thus it 
can be assumed that the curve shown represents very nearly the 
variability associated with all possible 8-lb increments of the coal 
that was sampled. 

The horizontal line shown intersecting the ordinate at 10.2 
per cent ash represents the average ash of 50 increments. The 
two broken lines at 9.2 and 11.2 per cent ash thus define a range of 
variation of +1 per cent ash from the average, and the curve 
shows that of the 50 increments taken only 20, or 40 per cent, had 
an ash content within this range from the average. 

If it is assumed that the curve, representing the variability of 
all possible 8-lb increments of this coal, also passes through these 
two points, then it is clear that only 40 per cent of all the incre- 
ments in the coal would be expected to have ash percentages 
within the range 9.2 to 11.2 per cent. 

Representativeness of an Increment. From the diagram, shown 
in Fig. 1, a clear idea of the meaning of the representativeness of a 
single sample can be obtained. Let an 8-lb increment be taken at 
random from the lot of coal considered and assume that the 
possibility of true random selection implies that the chance of 
taking a designated increment is the same as the chance of taking 
any other increment; it follows that the increment actually 
taken has an equal chance of being any one of all those repre- 
sented by the curve. ‘Therefore, the chance that the ash per- 
centage found will be between 9.2 and 11.2 per cent ash is exactly 
40 per cent. 

Thus the representativeness of a single 8-lb increment from this 
lot of coal is said to be such that 40 times out of 100, in the long 
run, the ash percentage found will be within the range average 
ash +1 per cent ash. 

Fundamental Law of Sampling. 'The fundamental fact upon 
which all sampling is based is that, if a number of increments of a 
specified weight are taken and combined together into a gross 
sample, then the representativeness of the gross sample will be 
increased as compared to that of the individual increments. In 
other words, the curve of variability of all such gross samples will 
be flatter than that of the increments and the chance will increase 
that the ash percentage found will be within a preassigned range 
about the true average. 

Acceptable Variability or Representativeness. By taking a 
sufficiently large number of increments, it is possible to obtain a 
gross sample such that the probability of its ash content falling 
within a given range around the true ash content is as great as is 
desired, although, of course, certainty cannot be achieved. 

Gross samples of low variability ordinarily have ash contents 
which are distributed very closely to a so-called normal law. 
Fig. 2 shows examples of variability curves for ash percentages of 
gross samples following normal-law distributions which have ac- 
ceptable variability as defined by the British Standards Institu- 
tion and by the American Society for Testing Materials (tenta- 
tive, 1943). 

Three sets of variability curves are shown for coals of 8, 10, and 
15 per cent ash, respectively. or the British standard the speci- 
fication calls for # number of increments such that gross samples 
composed of them will have 99 chances out of 100, in the long run, 
of having an ash content within 1 per cent ash of the true average 
independently of the ash percentage of the coal. Thus the three 
B.S8.1. curves of Fig, 2 show the same variability. 

Tho tentative A.S.1.M, standard calls for a lowering of ac- 
curacy or a permissible increase in variability as the average ash 
of the coal is higher in percentage and, conversely, an increase in 
accuracy as the percentage ash of the coal is lower. This is ac- 
complished by defining the range as. 10 per cent of the ash per- 
centage, Consequently, as shown by the middle set of curves, the 
range is the same for both standards, for a 10 per cent ash coal, 


since 10 per cent of 10 per cent is 1 per cent. But, for the 15 per 
cent ash coal, the range is +1.5 per cent and for the 8 per cent 
ash coal it is 0.8 per cent. In addition, in the A.S.T.M. tenta- 
tive standard, the number of increments required is allowed to 
be such that the gross samples will have as few as 95 chances in 
100 (instead of 99 for the British) of falling within the assigned 
range. 

The relative compensations introduced by the A.S.T.M. 
definition of acceptable accuracy are such that, for a 7.6 per cent 
ash coal, the accuracy of both systems is the same. This is sug- 
gested in Fig. 2, by the fact that the two curves almost coincide 
for the 8 per cent ash coal. On the other hand, from the 15 per 
cent ash coal, a gross sample acceptable to the A.S.T.M. would 
have only 80 chances in 100 of falling within the British range of 
= 1 per cent. 
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Tae Measure or VARIABILITY 


The curves, shawn in Figs. 1 and 2, to represent the variability 
of increments or of acceptable gross samples, can all be assigned 
a numerical value to represent quantitatively their respective 
variabilities. Mechanically speaking, this characteristic number 
is the moment of inertia of the curve about its average height 
(12). Statistically speaking, it is the square of the standard 
deviation of the points of the curves. For a given set of data, as 
in Fig. 1, this is calculated by the formula 


21 Po z Ay . 
(Standard deviation)? =o? = i — (2%) 


n 


when the y; are the ash percentage of each increment, n the num- 
ber of them, and 2 means the operation of summation. Perform- 
ing this calculation on the data represented in Fig. 1 would give 
o? = 4,292, 

The (standard deviation)? of the curves of gross samples in 
Fig. 2 are calculated from an expression developed by LaPlace 
(13). They are, respectively, for the B.S.I. curves: o? = 0.15073 
and for the A.S.T.M. tentative curves: o? = (0.0026033)y?, 
where 7 is the average ash of the coal. 
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CALCULATION OF NUMBER OF INCREMENTS REQUIRED FOR 
Gross SAMPLES OF ACCEPTABLE ACCURACY 


As mentioned earlier, in connection with Equation [1], the 
number of increments required to give gross samples of acceptable 
accuracy canebe calculated by 


when V? is the (standard deviation)? of the increments, and v? is 
the (standard deviation)? of the acceptable gross samples. If we 
let ow represent the variability of increments of weight W of a 
given coal, then the number of required increments for the B.S.I. 
standard is consequently given by 


oy 


N = 9.15037 


while if the same coal has approximately y per cent ash, the re- 

quired number of increments to fulfill the A.S.T.M. tentative is 
given by 

Nie sot TOW a 

(0.0020033) 7? 


VARIABILITY IN ASH CONTENT OF INCREMENTS 


Neither Equation [3] nor [4] can, of course, be solved for NV 
unless o?y for a given coal is known. As mentioned earlier, the 
evaluation of o?, in terms of general coal characteristics, is the 
main problem of coal sampling and is fundamental for the es- 
tablishment of correct sampling specifications. 

In a recent work (14) the author has given the derivation of a 
general expression for o*w. If the variation in size consist of 
different increments is disregarded, this expression is 


a—l 
oy = 0%, @) shcvachucsuets Cote [5] 
WwW 


where W is the weight of the increment, w is the weight-weighted 
average weight of piece (defined later), o?w is the measure of 
variability (standard deviation)? of the ash percentage of this 
average weight of piece, and the exponent (a — 1) expresses the 
degree of randomness with which the ash is distributed throughout 
the lot of coal being sampled. 

Equation [5] has the advantage that it can be linearized by 
writing it as 


W 
log o?y = log o%3 + (a — 1) log—........ [6] 
w 


This means that a log-log graph of the equation is a straight line, 
so that, as will be seen, the graphical use of this equation is greatly 
simplified. 

Weight of Increment. Of the four variables contained in Equa- 
tion [5], only one, the weight of increment W, is arbitrary. The 
rule in selecting the weight W is that it must be large enough, in 
comparison with the weight of the largest piece of coal in the lot 
to be sampled, that there will be little possibility of introducing 
bias in the sampling through the rejection of one of the large 
pieces present when several of them happen to be at the point of 
sampling; of course, the use of Equation [5] implies that the 
weight W used for the increment will be constant during the tak- 
ing of each increment forming the gross sample as well as for all 
other gross samples so taken to meet the long-run requirement. 

Average Weight of Piece. The average weight of piece w of 
Equation [5], when the coal to be sampled does not have all of its 
pieces of the same weight, depends upon the consist or size 
distribution of the pieces. In addition, this average weight is not 
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the common average whereby the sum of the weights of the pieces 
present would be divided by the number of pieces, but rather it is 
a weight-weighted average given by ‘the expression (15) 


_ Swe Dw? 
= 


Ww Zw; 


where the w; are the individual weights of the pieces, = is the sign 
of-summation, and W = Yw, is the sum of the weight of the 
pieces. 

For example, if we assume a specific gravity of 1.3 and a uni- 
form distribution of sizes between the 1-in. and the 2-in. sizes of a 
coal, then the simple average weight of piece for this range of sizes 
would be 0.111 lb. On the other hand, if we take the average con- 
sist of the 88 Appalachian coals reported by Malleis (16), and use 
same specific gravity, the value of the weight-weighted average 
weight of piece, for the same 1 X 2-in. interval (round hole) is 
w = 0.087 lb, indicating how the effect of the consist and of the 
method of weighting bring out the importance of the smaller-size 
fractions within the range. Relatively simple means exist of cal- 
culating this average weight of piece for coals of known consist 
(17). 

Variability of Ash Content of Pieces. The variability of the ash 
content of the pieces in a lot of coal is the direct result of the 
variability of the ash in the bed of coal. It is well known, of 
course, that the variability of ash contents of adjoining large 
portions of the bed is small. Thus if coal were quarried, so to 
speak, and each user was content to receive very large blocks of 
coal, there would be practically little difference between the aver- 
age ash of each shipment, so long as operations were localized and 
portions of the formations extraneous to the bed were not in- 
cluded. 

However, as the bed coal is broken into smaller pieces, the vari- 
ability of ash content of the pieces usually increases more and 
more as the broken pieces are smaller. From one point of view, 
this is required because the ultimate particle would necessarily 
be either pure inorganic or pure organic and thus presents a maxi- 
mum of variability. Exceptions to the rule occur when the basic 
ash distribution in the coal bed so affects the breakage of coal 
that impurities are more highly concentrated in certain sizes or 
when degradation of friable coals augments the proportion of low- 
ash pieces in the smaller sizes. 

Fortunately for coal-sampling studies, the variability of ash con- 
tent of single pieces of a given size can be determined rather 
easily without having to determine the ash percentage of each 
piece. This is owing to the fact that any disturbance in the ar- 
rangement of the pieces in the original lot of coal does not affect 
the variability of their ash content and, consequently, float-and- 
sink methods can be used. This is not true of the variability of 
increments since the particular arrangement or distribution of the 
pieces of variable ash, in the lot, affects the average ash content of 
the increments very materially, as will be shown later. 

Fig. 3 is an example of the application of the float-and-sink 
method for the determination of the variability of the ash per- 
centage of single pieces of coal. The step curve shown is a plot 
of the average ash content of successive floats and the final sink, 
against the cumulative weights of coal separated, multiplied by 
the inverse ratio of specific gravities, in order to pass from cumu- 
lative weights to cumulative number of pieces; thus the length 
of step for float at 1.4 specific gravity is proportional to the 
weight of floated material, multiplied by 1.3/1.4 to convert from 
cumulative weight to cumulative number of pieces, and so on. 

Passing a curve through the steps on the basis of equality of 
areas included and excluded gives what may then be assumed to 
be a close representation of the actual ash percentage variability 
of the pieces. The coal in Fig. 3 was a raw coal, size 5/i¢ X */s 
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in., from Western Pennsylvania, with a w = 0.00096 lb. From 
the curve, it is seen that a single piece of this weight from this coal 
would have about 4 chances out of 100 of falling within the range 
12.1 to 14.1 per cent around the true average of 13.1 per cent. 
Calculation of the (standard deviation)? or o?w by taking the 
ash percentage at 50 equidistant points and applying Equation 
[2] gave o7w = 382. 

Available data from 15 raw coals, for which float-and-sink tests 
had been made on a number of close size ranges have been studied 
by this method (18). Only those coals which showed an increase 
in variability with decrease in size were included since the fulfill- 
ment of sampling requirements for them would obviously lead to 
safe oversampling rather than undersampling for other type coals. 

From this study, it has been possible to arrive at relations be- 
tween not only the variability of the ash of pieces of coals and the 
weight of piece but also between the variability and the average 
ash content of the coal. 

Fig. 4 has been prepared from the relations obtained. The vari- 
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ability or (standard deviation)? of the ash percentages for single 
pieces of ‘‘average”’ 8, 10, and 15 per cent ash coal is given as a 
function of the weight of piece. The three curves show that the 
variability decreases with increase in weight of piece and in- 
creases with increase in the average ash of the coal. The latter 
relation, of course, would not be expected to continue indefinitely 
but to pass through a maximum at around 50 per cent ash since a 
‘coal’ having 100 per cent ash would have no more variability 
than a ‘‘coal’’ having zero per cent ash, 

The size designations, represented by vertical intersections 
with the curves in Fig. 4 represent the weight-weighted average 
weights of pieces, calculated on the basis of the average consists 
established by Malleis (16, 17). 

The curves in Fig. 4 have not been extended beyond a weight 
of piece of 0.16 lb, corresponding to about a 2-in. piece. Paucity 
of data beyond this size is such that extension is not thought per- 
missible, although in the original publication on which this study 
is based, extension to 6-in. pieces was attempted (19). 

Effect of Mixing. The effect 
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of this coal, would decrease with 
increase in the weight of incre- 
ment, if, beforehand, the coal 
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' were mixed to perfect randomness. Perfect randomness of mixing 
(slope of —1.000) means that, given the ash content of a given 
piece, the possibility that the ash content of neighboring pieces in 
the increment will be similar depends upon an infinitesimally small 
chance. A reduction in the absolute value of the slope, toward 
the rather flat initial curve of slope —0.075, means, on the other 
hand, that the chance that neighboring pieces will have similar ash 
contents becomes nearer and nearer to certainty. If small neigh- 
boring ‘“‘regions’’ are substituted for neighboring pieces, then the 
evidence of face samples of coal beds confirms this statement (20). 

The degree of mixing is then represented by the term (a— 1) of 
Equation [5], which is the slope of the variability relations. Be- 
tween the original slope and the slope of —1.000, representing the 
maximum degree of mixing obtainable with blind forces, there 
exists an infinity of slopes representing different degrees of mixing 
corresponding to the method of loading of the broken coal, screen- 
ing operations, and coal-cleaning operations, which all effect 
changes in the relative positions of the pieces with respect to their 
initial position in the unbroken bed and bring on a greater 
measure of randomness. The broken lines of slope —0.300 
represent just one of these different possible degrees of mixing. 

Fig. 5 shows how important the factor of mixing is on the 
number of increments required for gross samples of acceptable 
accuracy for 10 per cent ash coals. The intersection of the sloped 
lines with the weight-of-increment ordinates at the bottom right- 
hand corner of the diagram gives the number of increments re- 
quired (21), with the scale of increment numbers given by 
o2 = 0.2603 N in accordance with the A.S.T.M. definition of 
accuracy. Thus a perfectly random-mixed !/, & 5/s-in. ‘‘aver- 
age”’ 10 per cent ash coal would require only one 2-lb increment; 
whereas, if the state of mixing corresponds to the slope of —0.3, 
then about 120 increments of 2 lb each would be required for a 
gross sample of the same accuracy. Similarly, a perfectly random- 
mixed 0 X 2-in. size from the same coal would require four 6-lb 
increments, while if only slightly mixed to a slope of —0.3, the 
corresponding number of 6-lb increments would be about 140. 

Incidentally, the diagram, Fig. 5, shows also the effect of incre- 
ment weight on the number of them required for gross samples of 
the same accuracy. For example, a 0 X #/s-in. size of this same 
coal, if mixed only to a slope of —0.3, would require 68 two-lb incre- 
ments, 60 three-lb increments, 55 four-lb increments, or 48 six-lb 
increments. Thus, in general, the total weight of gross sample 
increases with the weight of increment taken; so that the weight 
of increment should be as small as possible, but should not be so 
small as to cause bias from the noninclusion of all the larger 
pieces of coal that may present themselves to the scoop. 


SampLtinc Data SHowinc ImporTANcE oF Mrxina Facror 


The following four sets of data, from sampling experiments, will 
illustrate the principles developed and show how the graphical 
method associated with Equation [6] can be used to bring out the 
important characteristics that affect the sampling of coal. These 
data have been collected and were supplied by a large Western 
Pennsylvania coal producer. 

Coal 1. Hand-Loaded Conveyer Raw Coal, 0 X 3/3 In., Pan- 
handle District of Western Pennsylvania, Pittsburgh Bed: 

Fifty parallel gross samples, consisting each of 5 increments of 
approximately 2.5 lb weight each, were taken by cutting across 
the stream of coal at the sampling station. As each increment 
was taken, it was placed, in rotation, in one of the fifty receptacles 
provided. Thus each gross sample represented an ‘‘orderly”’ 
sample (22) over the lot of coal sampled. Each gross sample was 
then reduced to laboratory size and analyzed for ash. 

The step curve in Fig. 6 represents the 50 ash percentages 
found, after rearranging in an ascending order. The average ash 
of the fifty samples was 10.51 per cent and the (standard devia- 
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tion)? or measure of the variability of the fifty samples was 
o? = 0.202. 
The smooth curve, shown in Fig. 6, represents the acceptable 
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A.S.T.M. (Tentative) accuracy for gross samples from this coal. 
Its (standard deviation)? is given by 


a? = (0.0026033) (10.51)? = 0.287 


and it is seen that 95 per cent of the gross samples, whose ash 
would be represented by this curve, would fall within the range 
(10.51 + 1.05) per cent ash. 

The step curve representing the sampling data had a lower 
(standard deviation)? and higher accuracy, since 98 per cent of 
the gross samples fell within the range. Thus the coal was slightly 
oversampled. The reason for this appears in Fig. 7. 
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Fig. 7 VARIABLES AFFECTING SAMPLING OF CoAL 1 


Fig. 7 brings together the four fundamental variables affecting 
the number of increments required for a gross sample of accepta- 
ble accuracy for this coal. These are: (a) the average weight of 
piece for the 0 X 3/s-size range; (b) the variability or (standard. 
deviation)? of ash percentage of this weight of piece; (c) the de- 
gree of mixing at the point of sampling, represented by the slope 
of the full inclined line; (d) the arbitrary weight of the increments. 
The intersection of the sloping line with the vertical line at an 
increment weight of 2.5 lb shows that slightly less than four 
increments, would have been sufficient to sample this coal, in- 
stead of. the five used. This conclusion was obtained as follows: 

The variability of ash content of the broken coal in the bed was. 
assumed to be that of coal N from Bureau of Mines data (18). 
This has been plotted as the upper curve of slope —0.093. The 
“average” coal variability curve corresponding to those in Fig. 4, 
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for a 10.5 per cent ash coal, could however have been used just 
as well, as the two would have been practically superposed. 

The assumption was then made that the average weight of 
piece for the 0 X 3/3-in. range was that which has been determined 
from Malleis’ data (17). This is w = 0. 000251 and gives the 
point marked 0 X 3/3 in the upper curve. 

Now the original sampling data had been obtained by taking 
five 2.5-lb increments for each gross sample. Joining the point: 
of intersection of 2.5-lb increments with the 5-increment line to 
the 0 X 3/s point gives the broken line of slope —0.569 shown. 
The fundamental assumption made in the sampling of this coal 
was therefore that the state of mixing corresponded to that 
shown by the broken line. 

From the (standard deviation)? obtained for these gross sam- 
ples of five increments, it is possible to calculate the true degree 
of mixing. Write Equation [1] as 
We 
N 


y2 = 


where v? is the (standard deviation)? obtained, N is the number of 
increments taken, and V? is given by Equation [5] 


where o?w is the (standard deviation)? of the increments, o7 is 
the (standard deviation)? of the pieces of average weight w, W is 
the weight of increments, and z is the unknown degree of mixing 

“slope.”’? Combining these two expressions, solving for x, and 
replacing the letters by their numerical values gives 


hog (5)(0:202) 
oe 970 
2.5 
eee 
0.000251 


This is the slope of the inclined full line in Fig. 7, giving the 
proper number of increments of any weight for gross samples of 
acceptable accuracy. 

The result shows that the coal sampled was more effectively 
mixed, toward the random state, than had been assumed; this 
was the cause of the oversampling noted in connection with Fig. 
6. The slight degree of oversampling, however, is due to the 
proximity of the assumed (broken line) and the actual (full line) 
slopes or degrees of mixing. 

Coal 2. Mechanically (Wet) Cleaned Coal, 0 X 3/3 In., Youghio- 
gheny District of Western Pennsylvania, Pittsburgh Bed: 

Fifty pardllel gross samples, consisting each of four 2.5-lb 
increments, were taken by orderly cutting of a stream of 0 X 
3/s-in. cleaned coal. The step curve in Fig. 8 represents the ash 
percentages of the 50 samples. All of the samples fell within the 
limits of (6.84 + 0.68) per cent ash, although this does not mean 
that, in the long run, this would always happen. The (standard 
deviation)? of the step curve is o? = 0.0247. 

The smooth curve in Fig. 8, whose (standard deviation)? is given 
by o? = (0.00026033) (6.84)? = 0.1218, represents the variability 
of acceptable gross samples from this coal by the A.S.T.M. 
standard. The coal was obviously oversampled. 

Fig. 9 shows why the coal was oversampled. The upper line of 
slope —0.075 represents the relation of (standard deviation)? to 
weight of piece for an ‘‘average’’ coal of 6.8 per cent ash (23). 
Because this is a cleaned coal this line no longer represents the 
variability of the original coal as it existed in the bed, but rather 
of an “‘equivalent”’ coal, resulting from the effect of the cleaning 
operation on the ash variability of the pieces, if such a coal can be 
pictured restored to bed form. 


The average weight of piece for the minus 3/;-in. cleaned coal 
was taken as equal to that of average raw Appalachian 4/s-in. re- 
sultant, on the assumption that the fines were returned to the 
cleaned coal to restore the consist, approximately. 

The broken line of slope —0.600 represents the assumption 
made in the sampling experiment, whereby four 2.5-lb increments 
were used for each gross sample. 

The full line of slope —0.768 was determined, as in Coal 1, by 
the following calculation 


-, (4)(0.0247) 
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* 9.000251 


x= (a 


The intersection of this line with the 2.5-lb increments vertical 
shows that a single increment would have been sufficient to give 
an acceptably accurate gross sample. 

The departure of slopes of the full and broken lines represents 
the error in the estimate of mixing and, in a way, the measure of 
oversampling. 

Coal 8. Mechanically Loaded Raw Coal, 0 XK °/3 In., 
District of Western Pennsylvania, Pitisburgh Bed: 

The two examples given were of oversampled coals. This ex- 
ample refers to an undersampled coal. Fifty parallel gross sam- 
ples, obtained in the manner described for Coal 1, were taken, 
each consisting of five 2.5-lb increments (approximately). The 
coal wasa 0 X 5/3-in. mechanically loaded raw coal. 
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The step curve in Fig. 10, shows the ash variability of the 50 
gross samples. Only 28 per cent of the gross samples had ash 
percentages within the range (13.30 + 1.33) per cent ash around 
the average. The (standard deviation)? of the step curve is o? = 
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CHANICALLY LOADED Raw Coan From PANHANDLE DISTRICT OF 
WESTERN PENNSYLVANIA, PITTSBURGH BED 


(Step curve, o? = 6.272. Smooth curve is A.S.T.M. tentative standard of 
accuracy for gross samples of this coal; o? = 0.461.) 


The smooth curve, shown in Fig. 10, represents what would be 
the acceptable variability (A.S.T.M.) for gross samples of this 
coal; its (standard deviation)? is given by 


= (0.0026033) (13.3)? = 0.461 


The coal was obviously considerably undersampled. 

Fig. 11 shows the correct number of increments required and 
the reason for the undersampling. For the variability of ash per- 
centages of the broken coal, still in the bed, the relation given for 
coal K, from Bureau of Mines data (18), was used. This differs 
very little from that of the ‘‘average”’ coal of 13.3 per cent aver- 
age ash content. 

The designated average weight of piece for the 0 X 5/s-in. size 
range, 0.001126 lb, was as for the average Appalachian coals used 
for the previous examples. The broken line represents the 
assumed degree of mixing, implicit in the use of 5 increments of 
2.5 lb weight, for the sampling of this coal. Calculation of the 
true degree of mixing, as for the previous coals, gave 


(5) (6.272) 
370 
2.5 

a 

0.001126 


log 
= 
lo 


= — 0.321 


which is the slope of the full line shown. Intersection with the 2.5- 
lb increment vertical shows that approximately 67 increments 
would have been required, instead of five, to give gross samples of 
acceptable accuracy. The coal was thus grossly undersampled, 
because so very little mixing took place between the face and the 
point of sampling. Comparison of loading and other handling 
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methods, for this coal, with corresponding mixing operations of 
Coal 1, should reveal interesting reasons for the considerable de- 
parture in degree of mixing for the two coals. 

Coal 4. Hand-Loaded Raw Coal, 0 X 11/3 In., Panhandle 
District of Western Pennsylvania, Pittsburgh Bed: 

The sampling data for this coal are of interest because the 
origin of this coal is probably the same as that of Coal 3. How- 
ever, the data for Coal 4 were obtained 2 years earlier than those 
for Coal 3. 

Fifty parallel gross samples, each composed of 35 increments of 
4]b weight, were taken of the 0 X 1!/s-in. size of this raw coal. The 
step curve in Fig. 12 shows the ash variability of the gross sam- 
ples obtained. The (standard deviation)? of these experimental 
samples was o? = 0.286. 

The smooth curve whose (standard deviation)? is given by 


o? = (0.0026033) (12.8)? = 0.427 


is less than that for the samples obtained. The coal was thus 
oversampled. 

Fig. 13 gives the sampling characteristics of this coal. The rela- 
tion of variability of ash of pieces to their weight was taken to be 
that of Coal K, as in Coal 3. The average weight of piece for the 
0 X 11/s-in. range was taken as 0.00596 Ib, in accordance with 
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accuracy for gross samples of this coal; o? = 0.427.) 
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the average Appalachian coals. The broken line of slope —0.458 
represents the initial assumption of mixing, implicit in the use 
of 35 increments for this coal. The full line, whose slope was cal- 
culated to be 


(35) (0.286) 


] 
te ene Wenn 
: ae 


5 9.00596 


represents the actual depree of mixing of this coal. The inter- 
section of this line with the 4-lb increment-weight vertical shows 
that only about 23 increments were necessary for an accurate 
gross sample of this coal; in other words, the actual mixing was 
more random than had been assumed; hand-loading of this coal 
probably accounts for the increased mixing, as compared to Coal 3. 


EsTaBLISHMENT OF SAMPLING SPECIFICATIONS 


The foregoing developments show that the establishment of 
general sampling specifications is not an easy matter, if both over- 
sampling and undersampling are to be avoided, but gross sam- 
ples of preassigned accuracy are to be obtained. 

It is believed, however, that Equation [5] 


(a—1) 
Ww 
oy = 0%, @ ACS Sa er 
Ww 


and its simple logarithmic expression furnish the correct theo- 
retical approach for the study of those variables which may be 
called the sampling characteristics of coals. 

The examples given, however, were all concerned with only 
one of the four variables in the right-hand side of the equation, 
this being the exponent (a — 1) representing the effeet of mixing. 

Two of the three other variables involved could also have been 
studied by the same method, had data been available. These are 
(a) the effect of consist on the average weight of piece, in a given 
size range, and consequently on the variability of the increments, 
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and (6) the effect of variability of the ash of the individual pieces 
of coal, in relation to the weight of the pieces and the average ash 
of the coal, on the variability of the increments. 

Log-log plots used, such as Fig. 14, show, for example, that a. 
modification of consist favoring the larger-size fractions would by 
displacing the size designation to the right require, with the same 
mixing effect, a larger number of increments. Conversely, a con- 
sist running toward the fine sizes, in a given range, would allow 
taking fewer increments, everything else being the same. 

Similarly, a displacement upward of the curve of ash variability 
of the pieces would necessitate taking more increments, while a 
lower variability of pieces would lower the required number of 
increments. 

The remaining factor of weight of increment has received some 
study from the point of view of the bias that may be introduced 
when using weights that are too small (24); this need not be dis- 
cussed here. 

Effect of Coal-Mixing Operations on Sampling Specifications. 
The four examples of sampling data, given previously, can be 
used to show how the matter of coal-mixing operations, during 
the course of mining, loading, screening, washing, crushing, and 
so on, may affect sampling specifications. 

The four coals studied were found to have the following mixing 
“exponents:”” 


Degree of mixing at 


Coal point of sampling 
1 —0.605 
2 —0.768 
3 a, | Peed | 
4 =().520 


The exact causes for these different degrees of mixing could 
only be investigated at the mine and tipple. However, the fact 
that such variations in degree of mixing could occur is justifica- 
tion enough to show the result on sampling specifications. 
Figs. 14, 15, and 16 have been prepared for this purpose. Three 
possible slopes, representing approximately the extremes and the 
median degrees of mixing of the coals studied, were taken as 
—0.7, —0.5, and —0.3; the three figures being, respectively, for 
‘‘average” coals of 8, 10, and 15 per cent ash. The size designa- 
tions are the average Appalachian mentioned before. 

The intersections of the inclined lines with the verticals at in- 
crement weights, give in the right-hand scale the corresponding 
required number of increments for the A.S.T.M. (tentative) 
accuracy. This follows from the fact that Equations [4] and 
[5], combined, can be written as 


(a—1) 
= (0.0026033)y2N = 0%, 4 iene 
WwW 


Table 2 summarizes these results and brings them together for 
comparison with the present tentative A.S.T.M. specifications. 
The departures from the oh eit are quite large in many in- 
stances. 

Of course, any single specification must be based on a com- 
promise. One natural question is whether enough representative 


'TABLE 2 NUMBER OF INCREMENTS REQUIRED FOR AN ACCURACY OF +10 PER CENT 
OF AVERAGE ASH, 95 TIMES IN 100, IN THE LONG RUN. COMPARISON OF A.S.T.M. SPECI- 
Maa (D492-43T) WITH RESULTS OF THIS STUDY 


Average ash of coal, per cen 8 10. 15 
> align of increments py D492- 43T 15- 20 ——_ 3}—_—_.. 
ize eight o : 
range, mndretion ti Degree of mixing 
in. lb -—0.7 —0.5 -—0.3 -—0.7 —0.5 -—0.3 —0.7 —0.5 —0.3 
0 X 5/s 2 5 22 96 5 21 88 4 16 75 
Sat Z| Numberofin-) jf 35 888A 20D 
o/s X 12 4 . 18 52 150 17 50 140 15 41 120 
pare 6 this study ie bleACREn TG aay Taya Tk 40) AMO TTS 
Wf, xX 2 6 37 84 180 36 76 175 30 67 150 
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data have been collected to arrive at a median compromise. 
Another question is whether a number of classifications, reflecting 
methods of coal handling and preparation, should be made so as 
to lead to an equal number of compromises between sampling 
characteristics of similar coals. 

Table 2 shows two interesting facts that have been mentioned 
earlier (25) and need not be emphasized here. One is that sized 
coals require a larger number of increments than resultant coals 
of the same top size. The other fact is that because of the in- 
creased laxity in accuracy, allowable by the specifications, the 
number of required increments decreases with increase in aver- 
age ash content, everything else being equal. 


CONCLUSIONS 


The missing data on coal sampling fall under the classifications 
already discussed. Basic data, over a wide range of coals, are 
needed that will supply information (a) on consist; (b) on the 
variability of ash of pieces by the float-and-sink method and by 
direct analysis of pieces for confirmation of the method; (c) on 
the variability of the ash of increments, whereby a large number 
of increments, of a variety of specified large weights each, are taken 
to establish the degree of mixing directly, rather than by inference, 
as was done here; and, finally, (d) collection and analysis of gross 
samples of a specified number of increments of constant weight to 
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give over-all confirmation to the established relations between the 
variables involved. 

In connection with the determined degree of mixing for any 
coal, a special effort should be made to relate this to mining and 
tipple operations. 

Carried systematically, such a program would eventually rid 
coal sampling of much of its unpleasant surprises and reduce 
sampling costs to a minimum. = 
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Flectrical-Analogy Method for Fundamental 


Investigations in Automatic Control 


By D. P. ECKMAN! ano W. H. WANNAMAKER,? PHILADELPHIA, PA. 


The purpose of this paper is to demonstrate an approach 
to automatic-control investigation through the use of an 
electrical-analogy method. A complete description of the 
apparatus is included, each unit being related to a counter- 
part in an industrial control application. Diagrams and 
calibrations of the various units comprising the electrical 
process analog are given. For illustration of the manner of 
setting up a problem, the effect of controller scale span 
upon controller adjustment is shown. 


INTRODUCTION 


HE need for process simulation in the laboratory arises in 
ie study of automatic-control methods. Testing auto- 

matic controllers in the field on actual control applications 
is often very difficult because of changing conditions over which 
there is no control. In addition, the introduction of intentional 
load changes, disturbances, or control-point shifts in order to de- 
termine the dynamic action of the control system is generally 
not permissible. Consequently, electrical, hydraulic, mechanical, 
and thermal analogies to controllable industrial processes have 
come into use for development testing of automatic-control 
methods (1, 2). The electrical capacitance-resistance analogy 
seemed to offer more advantages of versatility and was therefore 
selected by the authors. 

Under simulated control conditions, the dynamic action of the 
control system may be observed. Any factor, either in the proc- 
ess or in the controller, may be readily altered. The electrical 
process analog therefore becomes a versatile means for the in- 
vestigation of various phenomena in automatic control. 


ELEcTRICAL ProcEss ANALOG 


Where a number of processes are to be studied and the variable 
must take numerous forms, the time-consuming analytical ap- 
proach must be condensed to a minimum. Even then, it is gen- 
erally desirable to have experimental means for checking analyti- 
cal results. Where the experimental apparatus involves a por- 
tion of the system under investigation, less likelihood of error in 
the final result will be evidenced because of the simplified analyti- 
cal data required. 

If the results of a few trials of an experimental analogy bear 
close agreement to the performance characteristics of the actual 
process, we may rely on analogies for more complicated and 
less understood process-control problems. Such a study may 
lead to the simplest, most economical form of control, while the 
effect of precision, dependability, and ease of adjustment is easily 
determined. 


1 Development Engineer, Brown Instrument Company. Jun. 
A.S.M.E. 

2 Development Engineer, Brown Instrument Company. 

3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Industrial Instruments and Regulators Divi- 
sion and presented at the Spring Meeting, Birmingham, Ala., April 
3-5, 1944, of THe AMERICAN SociETy OF MECHANICAL ENGINEERS. 

Notre: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Previous investigators have evolved techniques of applying 
control to simulated processes. These analogies were rather 
specialized and do not lend themselves readily to changes for 
duplicating a variety of multiple-capacity processes. The elec- 
trical analogy‘ possesses extreme flexibility for duplicating numer- 
ous processes by altering the values of resistor and capacitor net-~ 
works through plug-and-jack connections. 

The physical constants may be calculated using well-known 
theory (8, 4, 7). In the electrical analogy, a direct relationship 
exists between electrical units and thermal units of a process. 
The time basis of the analogy may bear any chosen convenient 
ratio to that of the actual process, although an altered time rela- 
tion may introduce complications when the control system in- 
volves integral and derivative functions. 

Table 1 illustrates the similarity between thermal, hydraulic, 
and electrical units. 


TABLE 1 ANALOGOUS UNITS 


Dimensional 
symbol Electrical Hydraulic Thermal 
Quantity... 9 W Coulomb* Cu ft Btu 
Potential... P Volt Ft Deg 
Pimiec cs e0. 20 2e-: ie Becead pee we 
(0) uft tw 
WTO pysaree naryerriese W/T Faaer a eae Min Vin 
Z Coul Cu ft Btu 
7 / Send ee ED Coit ease 
Capacity....... W/P Volk farad Fr i Deg 
2 olt t eg 
ee WP as ed 7 ae) oy ee —————-- 
gies Ae Coul/sec abo Cu ft/min Btu/min 


@ For purposes of this paper coulomb will be abbreviated ‘‘coul.”’ 


It must be assumed that the fundamental units in this table 
are based upon point values, in order to avoid the complicity of 
power functions. In view of the inviting aspects of the electrical 
analogy, an investigation into the problem of adapting its use to 
process control was made. In order to duplicate long thermal 
lags present in many processes, it is evident that large values 
of capacity are needed in the various networks, particularly if the 
time ratio is to remain near unity. 

Although the process analogy itself is perhaps the most impor- 
tant single link in the control study, several other units must be 
used to complete the essential equipment. For example, equiva- 
lents for a fuel valve and fuel supply are required. There often is 
need for a means for simulating dead time in a process. There 
also must be an equivalent primary measuring element with 
means for introducing a lag in its response. These are discussed 
in the following section. 


Trst EQUIPMENT 


Most industrial controllers possess some form of pneumatic 
unit, electric contacting means, or power-set slider on a resist- 
ance slide-wire. The experimentation so far has been concerned 
chiefly with a single controller of the self-balancing potentiome- 
ter type, equipped with control devices of all the foregoing types, 


4 This method of control application was developed after a study of 
existing published analogy data. Credit for the electrical analogy is 
due Dr. Victor Paschkis of Columbia University for applying elec- 
trical means developed by C. L. Beuken (5, 6) in the study of heat. 
flow and allied problems. 
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any of which could be used as desired. The complete system is 
shown in Fig. 1. 

Referring to Fig. 2, a closed-circuit control system of general 
form is shown. A self-balancing potentiometer, equipped with 
pneumatic control, causes the air pressure to a diaphragm motor 
to position a slider along a resistor. This determines the voltage 
passing through a dead-time unit to a current-input unit. 

The valve slide-wire voltage actually charges each of a number 
of high-grade condensers one at a time by means of a 25-position 
ratchet-type multiple-contact switch. Its average speed of ro- 
tation is governed by means of an adjustable electronic-pulse cir- 
cuit which causes the contact blades to advance one step at a 
time. The two blades are out of step by one position and are 
so wired that, in turn, each previously charged condenser applies 
its potential to the current-input unit for a period equal to the 
time between pulses. This effectively produces a dead time equal 
to 24 times the pulsing period. 

The current-input unit then passes a current into the re- 
sistance-capacity mesh network, its value being a function of 
the voltage applied to the current-input unit. The mesh output- 
voltage simulates the temperature of the process under con- 
sideration. In order to measure the output voltage, a vacuum- 
tube voltmeter is used in conjunction with the potentiometer 
controller. This voltmeter serves as an impedance-matching 
device to permit the proper functioning of potentiometer control- 
Jers designed to work from low-voltage low-impedance circuits. 

The controlled system having been described briefly, details of 
the equipment follow, and reference to Fig. 3 should be made: 

The diaphragm motor positions the slider of the slide-wire, ac- 
cording to the applied air pressure. About 200 useful convolu- 
tions are used on this slide-wire, so that the number of valve posi- 
tions are, in effect, limited to this number. More convolutions 
would probably require the use of a valve positioner, but this 
sensitivity has proved satisfactory particularly when used in con- 
junction with the dead-time unit with its step functioning. 

‘ The dead-time unit has certain limitations in that the equiva- 
lent fuel-supply rate is not a continuous function of controller 
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Fig. 2 CoNnTROLLED System W1TH Process ANALOG 
output, although the integrated amount of fuel closely follows it. 
In low-capacity processes where low rates of switching would be 
objectionable, dead time to any large degree is generally not met 
in actual practice, and the consequent fast pulsing of this con- 
troller provides a satisfactory dead time even for such low-ca- 
pacity processes. A 25-position selector-switch assembly was 
chosen as the most feasible device to approximate delays of from 
zero to several minutes’ duration. Its rotation is made in a series 
of steps, the time between each step being determined by an elec- 
tronic pulse circuit. The condensers used with the switch may 
stand idle for the necessary periods without appreciable loss of 
charge, while the current drain during the period that each is 
connected to the current input unit is very small. 

Most processes are nonregenerative. Burning fuel, for ex- 
ample, releases some given number of heat units regardless of the 
temperature within the firebox. If the fuel is reduced, heat does 
not flow back into the fuel supply as fuel. To simulate such a 
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burner, a controllable constant-current device, consisting of a 
high-gain direct-current amplifier, having considerable negative 
feedback, was used. For a fixed applied potential, a current will 
flow in the output circuit at a set value practically independent 

\ of the impedance into which it is working. When this load is 
composed of condensers and resistors, as in the mesh analog cir- 
cuit, this flow of current simulates flow of heat, while the voltage 
in any portion of the mesh represents temperature. If the de- 
mand should go to zero, the input current may be made to go to 

| zero. Current will not flow back into the source and alter the 

“rate of heat dissipation. If some decrease in demand should oc- 
cur, the input current will be reduced to some lower value in ac- 
cordance with the demand. The complete current-supply sys- 
tem has been designed to approximate a semilogarithmic valve 
characteristic in its action. 

_ The mesh circuit of the process analog makes use of ordinary 
dry electrolytic condensers. Their terminals are wired to colored 
jacks on a bakelite panel, and about 30,000 microfarads of ca- 

) pacity are used together with about 30 adjustable resistors. These 
may be connected by means of jumpers into jacks to form various 

) types of mesh circuits. A built-in bridge circuit and null indi- 
cator is included for circuit-measuring purposes. The use of 
electrolytic condensers imposes limitations on the analog board. 
For example, a circuit calling for higher shunt resistances than are 
inherent in the condensers in the form of leakage may not be 

\used. Variation of capacity and leakage, both with temperature 
and impressed voltage, must be taken into account. Even with 
those limitations, a real advantage is gained by the use of elec- 
trolytic condensers, since many industrial-process applications 
may be approximated satisfactorily with considerable savings in 
cost and space. 

The vacuum-tube voltmeter is composed of a sharp cutoff 
type triode tube operated at a low plate voltage. A large series 
grid resistor is used to reduce grid current to a low value. The 
potential across an adjustable portion of the plate resistor fur- 
nishes the voltage to operate the potentiometer controller. In 

- order to make the controller read upscale for an increasing nega- 
tive voltage applied to the grid of the tube, an adjustable fixed 
potential is used to buck the voltage across a portion of the load 
resistor. Both the plate and the heater voltage supplies are regu- 
lated to reduce the effect of line-voltage variations. Two volt- 
meter units have been built into a single housing, one of which 
serves to actuate the controller and the other may be used to 


) 


actuate a recorder to show the demand, the actual fuel flowing, 
or may be used to indicate the voltage within any portion of the 
process mesh circuit. 

An impedance measuring bridge is built into the process board 
with jacks for inserting leads from the various circuit compo- 
nents. An ordinary amplifier, rectifier, and electron-ray tube of 
the indicating type are used as a null indicator. 

Typical performance characteristics of the various portions 
of the equipment described are shown in Fig. 4. Curves under A 
indicate the current flow into the process analog for values of im- 
pressed voltage on the current-input supply. It should be noted 
that the current value is practically independent of the dynamic 
impedance of the process mesh circuit, and that the sensitivity 
or equivalent valve size may be selected by changing the self- 
bias resistor value as shown in Fig. 3. 

Part B in Fig. 4 shows the manner in which the dead-time 
unit delays the voltage from the valve slide-wire. Part C illus- 
trates several different calibration curves obtainable with the 
voltmeter by which the equivalent of suppressed-range studies, 
for example, may be made. 


Srerrine Up Process ANALOG FoR TEST 


Although it is possible by means of electrical analogy to approxi- 
mate a particular process through calculation of its resistance 
and capacity, it is only necessary to arrange certain combinations 
of capacity, transfer lag, and dead time to represent whatever 
particular characteristic is desired. In this manner the effect of 
various characteristics in automatic control may be investigated 
without actually attempting to set up specific processes. The 
principal application for the electrical analog therefore is to simu- 
late process characteristics rather than to duplicate a specific 
physical process apparatus. 

Suppose, for example, that we wish to investigate the effect. 
of suppressed-range controller scale upon controller adjustment. 
A suitable process should be selected which approximates an 
actual process of the type on which a proportional-reset controller 
is used. For the purposes of this investigation dead time is not 
required and is accordingly omitted. 

The process used in this case is shown in Fig. 5. A multiple- 
capacity process is desired and three RC networks are used- 
Each RC network is connected by a 40,000-ohm resistor to cause 
an equivalent temperature drop between capacitors. In order to 
obtain a fixed rate of temperature decrease, each capacitor is. 
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The resistance values shown in the diagram 
include capacitor leakage. The resistor across the last capacity 
is called the “demand.” Its value determines the heat flow re- 
quired from the demand capacity. 

The valve size is next determined by setting the range adjuster 
on the current-input unit so that the full-open position of the 
control valve provides the same rate of rise of temperature as rate 
of fall when the valve is completely closed. In this case the proper 
valve range was 0 to 100 microamperes corresponding to lowest 
and highest controller output pressures. At this time the valve 
size is checked to insure that between 50 to 75 per cent setting 
of the control valve maintains the temperature at the control 
point. 

In order to check the characteristics of the process, the re- 
action curve in Fig. 5 was taken. A reaction curve is deter- 
mined by fixing the position of the control valve and allowing the 
measured variable to line out at a value slightly below the control 
point. During this period the process is under manual control 
rather than automatic control. 

A small sudden movement of the valve to a new fixed posi- 
tion is then made. If the process has self-regulation, the meas- 
ured variable will gradually rise to a new balanced value. If the 
magnitude of the change has been properly selected, the final 
value should be slightly above the control point. The resulting 
change with time of the measured variable is the process reaction 
curve. This reaction curve includes the process characteristics 
as well as the effect of measuring and controller lags. 


shunted by resistors. 


Errecr or SUPPRESSED-RANGE CONTROLLER SCALE 


Controllers with a suppressed-range scale have come increas- 
ingly into use in the past few years for the purposes of more ac- 
curate readability and control of the magnitude of the controlled 
variable. For example, if it is desired to control a temperature of 
250 F, it is becoming conamon practice to use a controller cali- 
brated 150 to 300 F, instead of 0 to 300 F. This suppressed 
range has an effect upon the controller adjustments because of 
the different rate of controller-pen motion for the same rate of 
temperature change. 
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A potentiometer pneumatic controller was connected to the 
process previously described and adjustments of proportional 
band (throttling range) and reset rate selected for control of the 
process. The adjustments are based upon minimum area re- 
covery from a supply change. 

The supply change was introduced manually by a throw switch 
so that an additional bias voltage was inserted in the sliding- 
contact lead on the control-valve slide-wire. When the voltage 
is introduced, a 25 per cent increase in flow is caused with the ac- 
tual valve position remaining unchanged. This corresponds to a 
change in upstream pressure at a control valve, causes a greater 
flow of control agent, and requires that the controller correct for 
this change. 

The potentiometer controller was calibrated in turn to various 
spans, and the suppression adjusted so that the control point rep- 
resents 3 v. The controller adjustments were then redetermined. 
Table 2 shows the results, while Fig. 6 shows the recovery curves 
under each condition. 


TABLE 2 CONTROLLER ADJUSTMENTS 


Controller Proportional Reset Maximum 
calibration band, s, rate, r, deviation, 
span, V per cent scale per min v 

6 22 0.51 0.40 

5 32 0.48 0.42 

4 38 0.47 0.42 

3 44 0.43 0.42 

2 52 0.39 0.42 


From the theoretical standpoint, it would be expected that the 
proportional band would follow a reciprocal law such that, as the 
controller span is reduced by one half, the proportional band 
would be doubled. The results of these tests are in approximate 
agreement. The proportional band is smaller than expected, 
however, at the smaller scale spans. 

These differences can only be explained by one or a combination 
of factors. If nonlinearities exist in the control system, it is pos- 
sible that the greater deviation in per cent of scale, which, how- 
ever, representing the same deviation in volts for various spans, 
may require a smaller proportional band in order to achieve the 
same stability in the recovery curve. Since the controller is cali- 
brated for linear response of voltage input to air-pressure output, 
itis unlikely that this is the cause of the differences. The semi- 
logarithmic control valve characteristic probably influenced the 
test results. 

A second cause may be the difference in apparent dead zone of 
the control system with respect to changes in voltage of the 
process when various controller spans are used. For example, a 
dead zone of 0.04 per cent of controller scale with a 6-v span 
would represent 0.0024 v, while at a 2-v span, the dead zone would 
represent 0.0008 v. Since the process possesses slight transfer 
lag, the decrease in apparent dead zone with smaller spans would 
allow a slightly smaller proportional band. 

A third cause may be that controller adjustments were not 
set to the optimum values to produce a recovery curve having the 
smallest possible period. In fact, the recovery curves in Fig. 6 
indicate that the period increased slightly as the span decreased. 
Controller adjustments were made in each case without chang- 
ing the reset rate from the previous setting. It was found neces- 
sary in every test to decrease the reset rate in order to achieve 
the desired stability. Although the reset rate should be un- 
changed with various spans, the required decrease in reset rate 
may be in part due to the method of selecting controller adjust- 
ments. 

In using any type of analog for investigations in automatic 
control, it is necessary to avoid imposing any limits on the opera- 
tion of the analog under dynamic conditions. If the control 
valve is required to move to its limit of travel, if the process 


reaches a potential beyond which it cannot go, or if the con- 
troller pen should attain full scale, the complete system is unable 
to follow adequately its own laws of operation. Such action in the 
system correspondingly influences the dynamic operation unless 
limits are required as in two-position control. 


CONCLUSIONS 


The electrical analogy method of simulating industrial proc- 
esses lends itself readily to the selection of varying degrees of proc- 
ess characteristics. It is shown how such factors as process ca- 
pacity, transfer lag, dead time, valve size, controller-scale range, 
and load changes are set up in the analog. 

Various investigations of automatic control, particularly when 
actual control equipment is used, point out the necessity of taking 
into account such factors as measuring lag, controller lag, and 
dead zones in the measuring and controlling means. The results 
of the investigation of controller span indicate that these factors 
should not be neglected. Empirical methods of analysis of 
automatic control must generally be tempered by the influence 
of factors difficult to account for in mathematical methods. 
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Discussion 


Vicror Pascuxis.’ Electrical analogs can be most useful in 
the study of different types of transients, such as expressed in 
heat flow, ete. 

In describing the analogous units it is stated in the paper that 
these are based upon ‘‘point values.”’ A definition would be de- 
sirable. 

The impression is derived from the paper that the process 
analog is built and operated without reference to any given piece 
of equipment or process. The writer feels that this method of 
approach is a definite disadvantage perhaps made necessary by 
the use of the inexpensive and inaccurate electrolytic condensers. 
The time lag between the achievement of a given temperature 
in the equipment and the corresponding achievement in the 
thermocouple is one of the major causes of temperature oscilla- 
tions. These oscillations would be insufficiently reproduced 
through the use of the ‘‘dead-time unit.’”’ It ‘would be desirable 
if in the closure the authors would give a definition of what they 
call ‘‘dead time.’”’ This term is used by various authors with 
different meanings and should be defined. Moreover, a more 
complete description of the dead-time unit would be desirable. 

By not representing actual equipment, e.g., furnace charge 
and thermocouple, the authors limit their investigation to that of 
a measuring and control instrument alone. The user of tempera- 
ture control is primarily interested in the uniformity of the prod- 
uct and not in the uniformity of the temperature record.® 

The uniformity in time refers to temperature fluctuations at 
any one given point in the equipment at which the measuring 
device happens to be located. Temperature uniformity in space 
can be very poor even with perfect uniformity in time. For 
example, cold spots can occur as a result of poor design or opera- 
tion of the equipment and not be detected by the thermocouple. 
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Physics, 1939), pp. 984-987. 
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There is another aspect of the uniformity in space referring to uni- 
formity of temperature within the load itself. It is this latter 
with which the user of control is’primarily concerned. The 
method as used by the authors is limited to problems of uni- 
formity in time. By using higher-grade condensers, it could also 
be applied to even more important problems of uniformity in 
space (temperature distribution). 

These three phases of uniformity tie in and really should not 
be investigated separately. This investigation of the three phases 
in one calls for higher-grade and more complete equipment than 
that covered in this paper. 

However, it should be stated that the present investigation 
forms a very welcome start in a field of analysis so far insufficiently 
covered. 


AuTHOoRS’ CLOSURE 


The discussion by Dr. Paschkis, whose heat- and mass-flow 
analyzer served as inspiration for the authors’ work, is particu- 
larly welcome. 

The analogous units given for thermal, hydraulic, and elec- 
trical systems are based on point values, that is, on a given sys- 
tem with static conditions of potential and resistance. In a 
thermal system, for example, resistance often varies with po- 
tential (specific heat varies with temperature). In a hydraulic 
system, flow may vary with the square root of potential. Other 
examples might be given. Consequently, in using any analogy, 
it is necessary to assume that the system is operating at a “point” 
or about an average point of capacity, resistance, and potential. 

The remainder of Dr. Paschkis’ comments are directed toward 
whether an analogy should be set up on the basis of physical proc- 
ess apparatus or upon process characteristics. If one is investi- 
gating the apparatus, the former method is appropriate; if one 
is investigating automatic control, the analogy may be more 
easily handled by choosing the desired characteristics of capacity, 
transfer lag, and dead time. 

The use of electrolytic capacitors imposes no serious limitation 
to the study of automatic control other than the attainment of 
time constants greater than are inherent in the leakage charac- 
teristic. Reproducibility of results has been found to be practica- 
ble, 

There is use, as Dr. Paschkis has found, for electrical-analogy 
apparatus adaptable to simulation of specific physical problems 
The analog equipment described in this paper is used primarily 
for experimental work in connection with the study of automatic 
control. 

Dead time is any pure time delay, expressible in units of time, 
existing either in the process or in the control system. 


Stabilizing a Suction-Relief Valve 


By ED S. SMITH,! TETERBORO, N. J. 


Starting with a less than fully stable conventional valve 
in aircraft use, a simple analysis is presented which is 
based upon energy considerations under resonance condi- 
tions and involves a minimum of mathematics. This 
analysis led to the disclosed improvement which renders 
the valve stable under all installations except the worst, 
from an acoustic standpoint. A short appendix on acous- 
tic systems is included for the convenience of control 
engineers who may need in advance to evaluate and, if 
necessary, correct acoustic difficulties of installations. 
The analysis of this paper amounts to an informal use 


of the Nyquist method. 
depression below atmospheric pressure of an air-carrying 
line. A conventional regulator, as shown in Fig. 1, has a 
damped valve piston with a long compression spring having the 


HIS valve is required to maintain constant suction, i.e., 
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position of one of its ends adjustable to set the desired suction. 
The end of the piston seats against a flat rim seat a to minimize 
the leakage when the valve abuts its seat. 

This valve is damped by friction between the valve piston and 
its cylinder whether due to rubbing, to coulomb friction, or to the 
shearing of a film of lubricant. Rubbing friction is preferably 
minimized since it is quite sensitive to clearances and generally 
tends to produce an objectionably large departure from the suc- 
tion setting . 

The use of lubricant friction also has disadvantages since the 
viscosity, and hence the damping, changes seriously with tem- 
perature. However, this may not be a bar since winterization 
requirements reasonably take into consideration the location of 
the valve and its function. Lubricant damping tends to seal the 
cylinder and hence trap an uncertain amount of air within the 
cylinder, which makes the setting unreliable. Consequently, 
when lubricant damping is relied upon, one or more holes (shown 
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dotted) into the cylinder are needed to admit the line pressure 
into it. 

From the foregoing, it appears that there are practical dis- 
advantages to these alternatives to air-damping between the 
piston and its cylinder wall. Air-damping is most effective when 
the clearance is small enough to provide a pumping action giving 
a relatively high velocity of air flow through the clearance and 
hence resistance to axial motion of the piston. This high 
velocity exists when the clearance is still large enough to allow 
the piston, without its spring, to rotate freely as in an air bearing 
when the piston is manually given a spin. In other words, the 
air-damping must be due to the leakage air flow rather than to 
the shear which results directly from the relative velocities of the 
piston and cylinder. 

Since the air trapped in a cylinder acts as a spring which is 
much stiffer than the metal spring (or has a higher ‘‘rate’’), the 
critical frequency of the valve is considerably raised due to the 
air spring action. Also affecting the critical or resonant fre- 
quency is the mass of the piston valve. If the valve is lightened 
(1)? the critical frequency is raised, possibly into the range of 
forcing or driving frequencies due to the pump, and the required 
damping is somewhat reduced. 


Merruop or ANALYSIS 


The sort of analysis required for an investigation of damping 
depends upon whether it is used as a creative tool or merely for 
its own sake. An analysis by means of differential equations 
soon runs into nonlinearities that put considerable difficulties in 
the way of a formal solution and would be followed by relatively 
few readers. 

Instead, the line of reasoning that led to the stabilization of 
these suction-relief valves may be of wider interest. It must be 
remembered in following such reasoning that, since it is difficult 
for most human minds to give attention to more than one control 
action at a time of several which are occurring simultaneously, 
differential equations are superior to such unaided consideration 
for this purpose since they continuously take account of such 
simultaneous relations. 

However, the modern Fourier approach (1, 2),? in predicting 
control transients and performance directly makes use of the 
universality of differential equations without the labor of a formal 
solution but retaining the advantage that differential equations 
are “always true,” while their solutions may have widely different 
forms for different coefficients and initial conditions. Such a 
Fourier approach involves the use of a known sinusoidal forcing 
function, and an investigation of the amplitude and phase of the 
response. By using small oscillations, any deviations from 
linearity may be neglected and this method extended from the 
linear system of Fig. 2 to the nonlinear systems of Figs. 1 and 6. 

The performance with reference to stability of a simple regu- 
lator may be considered in a preliminary way from an elementary 
Fourier viewpoint by assuming that hunting exists at the resonant 
frequency of the valve itself, and investigating the phases of the 
force components relative to the velocity, since the phase relations 
usually determine whether or not positive damping exists. Of 
course, hunting is generally undesirable, and this assumption is 
made only as the initial step in this simple test for stability. 

A stable valve may be considered as the damped sprung mass 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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in Fig. 2. When a sinusoidal force, such as F = Fy cos wt, acts 
upon such a system, a positive damping force Nz’ always opposes 
the velocity x’ and hence acts to remove energy from the system. 
If w is the resonant frequency, the inertia force Mzx’’ opposes and 
just balances the spring force Bx continuously (3), with the result 
that the driving force F must likewise steadily oppose and balance 
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Fig. 2 AnaLocous MEcHANICAL System WiTH REAL DaMPING 


the damping force Nz’, all as shown in Fig. 3, in which the driving 
force F is shown along the positive real axis, or 3 o’clock direction, 
using hour angles to indicate direction. By assuming small 
oscillations, any deviation from linearity of the differential 
equations may be neglected and this method applied to the non- 
linear system diagrams of Figs. 3 to 5 and 7. 

Following the usual vectorial-direction convention of clockwise 
direction for lagging and counterclockwise for leading, the 
velocity x’ occurs at 3 o’clock in phase with the driving force F, 
and with the displacement x, or valve opening, at 6 o’clock. In 
this vectorial approach, it is well known that differentiation re- 
sults in a 90-deg lead (4) and, conversely, integration or summa- 
tion causes a 90-deg lag and, when the integration results from a 
flow into a vessel, the value of 90 deg may be approached as a 
limit. The references noted are for the convenience of readers 
who may not be already acquainted with these relations. 

When energy is removed from such a forced simple mechanical 
system, it is self-evident that the resultant, displacement x lags 
its cause, the driving force F. In other words, when the displace- 
ment lags an input (or driving) force, this indicates the presence 
of damping which would stabilize the system in the absence of the 
input. 

Conversely, a lead (of F by x) accompanies an increase of 
energy in a system. Thus it appears that stability and insta- 
bility of such systems are, respectively, accompanied by a lag 
and a lead of effect (displacement) relative to cause (driving 
force), thus providing a simple rule which is useful for such 
systems. 

Where the controller is such that hunting energy is abstracted 
from the system, instead of fed back, in successive cycles in which 
the effect in one is the cause in the next, the over-all sensitivity, 
or ratio effect/cause, may be raised as high as is ordinarily re- 
quired for accuracy of control. 

For such a positively damped simple controller thus operated 
by a harmonic force at the resonant frequency, it follows that the 
vectorial effect (displacement) will occur less than 360 deg after 
its cause (force) in each ‘‘eycle,” which angular relation indicates 
that the controller is stable. 

For more complicated control systems, it is well known to 
electrical engineers working in control that it is possible to have 
stability with sensitivities much greater than unity (and hence 
small throttling range, droop, or load error) by following a 


FEBRUARY, 1945 


response-timing principle which is commonly applied to negative- 
feedback electrical amplifiers.* 


Fig. 3 Vecrortat-ForcE DiaGRAM OF A DampEp Sprune Mass 
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Line Capacity NEGLIGIBLE 


If no appreciable capacity exists between the valve of Fig. 1, 
and its suction pump, both the main flow q and the line pressure p, 
are in phase with the valve opening z, as shown in Fig. 4, again 
for steady oscillations. There is a lag of up to 90 deg of the 
cylinder pressure p behind the line pressure p, since, neglecting 
the effect on the clearance flow due to changes of the highly 
attenuated cylinder pressure p, the pressure p is proportional to 
the total quantity of air in the cylinder and this quantity depends 
upon the integral of the clearance flow, hence tending to lag 90 
deg behind the clearance flow. Since this clearance flow is sub- 
stantially in phase with the line pressure p,, the pressure p like- 
wise tends to lag 90 deg behind p,. 

This limiting, but fairly typical, situation is presented on the 
vector diagram in Fig. 4, which shows the 2, g, and p, vectors at 
6 o’clock, p lagging at 9 o’clock opposite x’ at 3 o’clock so that, as 
before, p acts as a positive damping force.‘ Since the force F = 
Fy cos wt would be needed at 3 o’clock (as in Fig. 2) to drive this . 


3 See U. S. Patent No. 1,915,440, June 27, 1933, Harry Nyquist, 
“Regenerative Amplifier” and his ‘Regeneration Theory,’’ Bell Sys- 
tem Technical Journal, January, 1932, pp. 126-144; Also ‘Amplifier 
Theory Applied to Regulators,” by J. M. Cage, Electronics, January, 
1945, pp. 140-143. 

4 Positive and negative damping are used, respectively, instead of 
damping and driving, a convention which avoids confusion between 
the damping and the input forces. 


SMITH—STABILIZING A SUCTION-RELIEF VALVE 89 


system, the 90-deg lag of the effect z behind the cause F indicates 
that this system is stable. 

The flow over the outer face of the valve lowers the pressure 
near its edge, and especially so where there is a rim seat a. This 
has been loosely termed a ‘‘Venturi” effect although it might 
better be known as a “‘potentiometric” effect, since the average 
pressure over area a is approximately (p, + p.)/2 and conveni- 
ently considered as tied to pressure p, rather than flow g. Since 
p-/2 (taking the atmospheric pressure p, as zero) acts on a portion 
of the outer (or opposite) face of the piston it may be represented 
by a vector p, = p,/2 extending in the opposite direction, or 
toward 12 o’clock. This is seen in Fig. 4 not to affect directly 
the stability, since it neither puts in nor takes out energy; in 
other words, 7, is no “‘damping’’ component since it has no com- 
ponent in phase with the velocity. However, the existence of the 
Venturi effect requires that the driving force F must shift toward x 
and hence cut down the stabilizing lag. 


Line Capacity APPRECIABLE 


However, when the line capacity is appreciable, the line pressure 
p, lags x by up to nearly 90 deg with the result, shown in Fig. 5, 
that the Venturi effect shifts from the 12 o’clock position to, say, 
approximately the 2 o’clock position, and has a powerful un- 
stabilizing tendency. At the same time p= has shifted from the 9 
o’clock to the 11 o’clock position so that it has less damping effect. 
Hence the resultant of p and p, shifts to the 1 o’clock position 
and the input force F, which must be opposite, shifts to the 7 
o’clock position. The net result is that hunting can exist. In 
electrical parlance, a positive feedback now exists due to the 
Venturi effect. Since the effect x leads its cause F, instability 
exists according to the earlier stated simple phase test. The 
result is that there is an increase of the hunting amplitude, and 
hence the energy in the system. 

While the unstabilizing Venturi effect can be reduced somewhat 
by using a truly conical seat and a very sharp square edge on the 
valve, the unstabilizing effects cannot certainly be fully overcome 
in view of damping piston-cylinder clearance variations resulting 
from necessary manufacturing and operating-temperature toler- 
ances. To be positively stable, the valve requires an additional 
source of damping. 

Additional damping can be provided, as in Fig. 6, by adding a 
rim b to the valve so that its seating area is larger than the piston 
area. Then, as shown in Fig. 7, p, acting on the rim as p,, at 8 
o’clock has a powerful stabilizing effect which balances off the 
Venturi effect. This modification has the advantage that it 
produces no unstabilizing effect under any installation condition, 
e.g., when there is no appreciable line capacity C. All that one 


resultant 
FIGS. of and Fs 
pei /X 4 
pity Sr rca 
BP VSLEAD ‘eter 


Tect x by causeF 
> unstable . 


| x 
Fic.5 Necative Dampinc Dur To VENTURI ACTION Dy, SHOWN AS 
Havine an UNSTABILIZING ErrecT ON A PLAIN PISTON VALVE 
Waere Line Capacity Is AppreciaBe, I.E., Errect x Can LEAD 
Cause F 


Fic.6 Improvep Rim-Heap Vatve WiTH SHARP Square EpGr AND 
Wits Conicat SEAT 


“LAG of effect x behind 
causef,.". stable 


Courtesy of Dr. Harry F. Olson 
Fie.7 Rim Force p.,, Due To p,, EXERTS A Force THat BALANCES 
VENTURI Force py REGARDLESS Or LINE CAPACITY 


needs to do is to keep the size of the valve head down enough not 
to increase unduly either the inertia of the valve or its periphery, 
and hence sensitivity. The best results are obtained when the 
rim area is small, i.e., only large enough to provide substantial 
compensation and hence eliminate any appreciable feedback or 
reaction, i.e., to prevent feeding energy back into the valve as a 
result of its own oscillations. 


Acoustic EFFEcTS 


The aircraft suction pump is ordinarily of a type which creates 
pulsations. When these happen to be near the resonant fre- 
quency of the valve or a harmonic thereof, this tends to feed 
energy into the valve. In general, the tendency is to produce 
long-time beats during which hunting slowly builds up and dies 
away. However, with a reasonable valve clearance and a rim- 
head valve, the Venturi effect can be so well offset by the 
rim-damping that no objectionably large valve pulsations occur. 

Another source of resonance that intensifies any hunting 
tendency is the suction line either to the instruments or to the 
pump when this line acts as a closed pipe of nearly the same fre- 
quency as the resonant frequency of the valve. Further, there is 
a Helmholtz resonator action in which the suction lines and the 
valve opening act, respectively, as the capacity and the nozzle. 

Still another possible source of hunting due to resonance occurs 
when a filter pipe of considerable length, which is added to the 
valve inlet, acts as an open-pipe resonator. In any of these cases 
of acoustic resonance (except possibly when the filter pipe is more 
than 2 ft long), tests showed that hunting is not produced with a 
rim-head valve in which the unstabilizing Venturi effect is well 
balanced by the rim. 

It is better thus to eliminate hunting difficulty, i.e., by modify- 
ing the valve itself to be less affected by line pulsations, than to 
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use a valve which is sensitive to them and become lost in the 
maze of additional damping gadgets that then become necessary. 
For example, while the effect of filter-pipe pulsations upon a plain 
cylindrical-piston valve can be reduced by adding a screen pro- 
ducing damping friction near the valve, the extra resistance of the 
screen tends to cause the valve characteristic to depart, upon a 
large change of flow, from the constant suction which is ideal. 

While any valve must be a compromise, still the rim-head 
suction-relief valve with a conical seat in subsequent aircraft 
installations has exceeded any reasonable expectations, based 
upon earlier designs, for both accuracy and stability of operation 
under the range of required aircraft-installation conditions. This 
particular development has been described only to typify the 
advances obtainable in ‘practice through the use of this general 
theoretical approach and technique. 


Appendix 
Acoustic ConsIpERATIONS 


In self-operated controllers for air, the air may participate re- 
generatively in any oscillations of either a control valve or a pump 
in the regulated system. Hence the motion and pressure of the 
air itself require consideration. 

The velocity of a compressional wave in a fluid is 


c= Ve/p 


where e¢ is the volume elasticity and p is the density of the fluid. 
Since for gases the compression is adiabatic, the effective elas- 
ticity is k times that for constant temperature so that the relation 
becomes 
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c= WVkp/p 


where k is the specific-heat ratio and p is the pressure. 
of sound in atmospheric air is about 1120 fps. 

‘When a moving column of any fluid is slowed down by a valve, 
its loss of momentum is accompanied by a pressure which starts a 
compressional wave along the line with a reflection from its open 
or closed other end or from any discontinuity in the pipe wall. 

With an open pipe end, the phase of a pressure wave is re- 
versed, since the momentum tends to carry a slug of fluid from the 
pipe out into the ambient fluid, with the result that the wave 
length is about 4 times the length of the pipe plus an ‘‘end correc- 
tion” of about 0.8 times the radius of the pipe. The enlargement 
at the nearest manifold may provide an effective open end. 

These phenomena occur when the pulsation-forcing frequency 
of a valve or pump is near that of the line. In such a case and 
referring to Fig. 8, there can be resonance at frequencies around 
either f, = 1120/21 or 1120/1 for a line having its far end open. 
The resonant frequency is around 1120/41 for the fundamental 
for a closed-end pipe, in which case resonance can occur at any 
odd quarter wave length. With complex systems, the response 
amplitude tends to vary less sharply with the frequency so that 
the resonance peaks are lower, and there is a higher response be- 
tween the peaks. 

While a better electrical analogue may be a long-distance 
transmission line, the situation, as regards the possibility of 
resonance, may be taken as roughly analogous to a tuned L-C 
series (inductance and capacitance) circuit whose impedance is 


The speed 


1 
Z = 6/1. = ol) ——— 
oil Seng 
where w = 2zf radians per sec and f cycles per sec express the 
forcing-voltage frequency. At resonance, Z = 0 and the voltage 
across C or L may rise to many times the value of the forcing 
voltage. At resonance with this circuit 


1 
7 Ladians\pen sec 
rV LC “ 

Electric networks may be set up analogous to complicated 
acoustical-mechanical-electrical systems and, for such networks, 
steady-state solutions reached by well-established electric-net- 
work techniques, i.e., using Kirchoff’s laws and the concepts of 
impedance, including ‘‘coupling” or ‘‘transfer’’ impedances; and 
using operational methods if transients are desired. 

Resonance may also occur in a storage volume with a small 
opening as in Fig. 9(a). Where, as in Fig. 9(a), a storage volume 
V cm’ has a small opening of area S cm?, it acts as a Helmholtz 
resonator of frequency 


1 
i a —— 
an MC, 
(Olson5) where 


M = m/S?, inertance (Olson®), g per cm4 

m = pv, mass of accelerated fluid in opening, g 
v = volume of accelerated fluid in opening, cm? 
p = density of fluid accelerated, g per em? 

C, = V/pc? acoustical capacitance (Olson’), cm‘ sec?/g 
c = velocity of sound, cm 


The M and C,, respectively, correspond with inductance L and 
capacitance C in a resonant electric circuit of negligible resistance. 
For a circular thin-plate orifice, fhe length of the accelerated 
mass is roughly equal to the orifice diameter or, more closely, the 
PReta() specs 


6 Ibid. p. 16. 
7 Ibid. p. 19. 
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volume is that of a sphere which will just pass through the open- 
ing. However, the volume may exceed several times this value 
where ‘‘smoke-ring” vortices are formed, as is possible where 
turbulence does not interfere and there is a space into which 
the vortices may be launched. 

Even though one cannot always obtain precise solutions of 
acoustic problems analytically, still even a rough analysis often 
provides a reasonable starting point in design and indicates the 
essential variable to be experimentally investigated in seeking 
optimum performance. 

Other references on acoustic problems are given as (6) and (7) 
of the Bibliography. 
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Discussion 


H. L. Mason.® The analysis presented by the author is a 
qualitative modification of known quantitative relations among 
the forces acting on a mass under forced vibration. It should be 
understood that the rotating vector representation of Fig. 3 
expresses exactly the solution of the differential equation (linear 
by assumption) corresponding to Fig. 2. For the valve de- 
scribed, pneumatic forces give driving, damping, and spring ef- 
fects, and the author approximates the phase angles of their vec- 
tors and draws conclusions concerning stability. The criterion of 
stability as a displacement lagging its cause seems to the writer 
to be of doubtful utility. Whether or not energy is removed 
from the system described depends, more fundamentally, on 
whether or not the resultant force vector has a component oppos- 
ing the velocity, and this may be determined directly by inspec- 
tion of the vector diagram. Moreover, in the presence of a 
pulsating driving pressure, small positive damping does not al- 
ways eliminate oscillation of a controller, although it will hold 
it to a smaller amplitude. ‘‘Stable’’ as applied to such a system 
means only ‘‘having smaller vibratory motion.” 


8 Director of Research, Taylor Instrument Companies, Rochester, 
N.Y. Mem. A.S.M.E. 
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AuTHOoR’s CLOSURE 


Dr. Mason has raised the two fundamental questions of the 
basic tests for a limited amplitude of oscillation and for stability 
of a regulated system. The first question has been answered 
for conservative systems by the statement of LeCorbeiller (8) :° 
“For any system to oscillate stably at a definite amplitude, it is 
necessary to involve some nonlinearity.’’ For others, Dr. Mason’s 
penultimate sentence is of course correct. 

On the second point, Dr. Mason’s approach is helpful for simple 
cases. However, for more complex cases, one may advan- 
tageously use the more general method of Nyquist which is well 
known among electrical engineers. An application of the 
Nyquist method to control recently appeared in a publication 
by Prinz (9). The test used in the present paper is a “‘free-hand”’ 
application of Nyquist’s teaching to cases in which one must 
eliminate hunting of a regulator having a well-defined resonance 
peak. 

In Nyquist’s method, one breaks the system between, e.g., the 
control valve and its actuating stem and oscillates the valve at a 
number of different frequencies; a ‘‘cause.”’ If, at some fre- 
quency, the ‘‘effect’’ be an oscillation of the stem of the same 
amplitude as that of the valve and lagging 360 deg, so that the 
effect in each cycle precisely equals the cause in the next, the 
connected stem and valve would theoretically continue to oscillate 
steadily at this frequency and amplitude. In other words, the 
over-all sensitivity (i.e., effect/cause in any cycle) of a steadily 
hunting regulated system is unity. 

At 360 deg lag, sensitivities less and greater than unity result 
in stable and unstable operation, respectively, with the connected 
stem and valve. Since an increase of lag tends to produce in- 
stability, lags of more and less than 360 deg at a sensitivity of 
unity are accompanied by instability and stability, respectively, 
with any simple system. 

Since with any actual physical system, the amplitude of the 
effect tends to approach zero as the forcing frequency increases 
indefinitely, the rule for instability may be made general by 
requiring either that the lag be more than 360 deg for the highest 
frequency at which the sensitivity is unity or that the sensitivity 
exceed unity at the highest frequency at which 360 deg lag exists. 
Hence, for instability, the 360-deg lag axis must be last traversed 
in the direction of increasing lag at a sensitivity of more than 
unity as the frequency increases. Since it is always present, 
the 180 deg for the basic control relation may be dropped as a 
matter of convenience in plotting the Nyquist sensitivity-lag loci 
for varying frequency, as in Fig. 10 of this closure, on which the 
critical point (—1, j7O) appears at a radius of unity and a lag of 
180 deg. 

Treating sensitivities and lags vectorially, the over-all sen- 
sitivity is equal to the product of the individual sensitivities of 
the several elements of the regulated system, and the total lag is 
the sum of the angular lags for the several elements. 

It may help those unfamiliar with the use of the Nyquist 
method in process control to take the suction-relief valve of the 
present paper as an illustration, without however adjusting 
the coefficients to the numerical values necessary for consistency 
with the paper itself. 

Starting with an oscillation of the valve at w rad per sec that 
produces +1 psi change in the line pressure p,, the pressure p 
changes due to flow through the piston-cylinder clearance so that 
the sensitivity-lag locus is the semicircle a (in Fig. 10) (10) on 


9 Numbers in parentheses in this closure refer to Bibliography (con- 
tinued) at end of closure. 
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which the inner numbers indicate w’s for r = 0.1/w,, where r 
sec is the time-constant, and w,, rad per sec, is the natural fre- 
quency of the piston-valve itself. If of constant amplitude, +1 
psi, pressure 7 acts on the piston to produce an oscillation of am- 
plitude x with the sensitivity-lag locus 6 taking a constant of 
unity, e.g., at zero frequency (11). Then curve c shows the 
response of the regulated system with the over-all sensitivity 
S = 8, X S,and the total lag ¢ = ¢, + ¢z. Since this curve 
does not enclose the critical point —1, jO, this regulated system 
would be stable. 

But if the line capacity is such that the response of the line 
pressure p to the oscillation of the valve is shown by the outer 
graduations of semicircle d (for r = 1/w,), then that of the 
regulated system is shown'by curve e. Since curve e encloses the 
critical point, this regulated system would be unstable. 

The Nyquist approach takes advantage of the fact that steady 
sinusoidal oscillations produce others whose amplitude and lag 
may be used to determine stability. Empirical and/or oper- 
ational techniques (9, 12) may be used as convenient. And the 
conceptitselfis valuable, even though loosely used asin the pres- 
ent paper. 
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Economic Thickness of Thermal Insulation 


for Intermittent Operation 


By C. B. BRADLEY,! C, E. ERNST,? ann V. PASCHKIS? 


Economic thickness of an insulation is defined as that 
thickness yielding the smallest sum of cost of heat loss and 
fixed cost ofinsulation. The difficulties in determining the 
economic thickness for intermittent operation are re- 
viewed.~ By means of the electrical-analogy method, 
curves have been developed which permit the ready deter- 
mination of the heat losses in intermittent operation for 
any temperature, any single-material wall, any intermit- 
tency, any length of period, and any film conductance. 
These curves permit the determination of the economic 
thickness for intermittent operation. The application of 
the curves is illustrated by an example. The influence of 
intermittency on the economic thickness is discussed for 
one specific case. The limitations of the method and 


prospect of obtaining results avoiding the limitations are | 


considered. 


THE PROBLEM 


HE cost of operation of any piece of industrial equipment, 

whether it be in a chemical or similar process, or involved 

in an operation in the manufacture of a metal article, is of 
prime importance. When the operation of such equipment in- 
volves the application of heat or refrigeration, the application of 
thermal insulation to reduce heat transmission through the walls 
of the equipment becomes a major consideration. 

The application of insulation obviously adds to the cost of the 
equipment. However, the reduced heat transmission, resulting 
from the application of insulation, gives an economic justification 
for the added cost. In other words, it can be demonstrated that 
the saving in heat energy will more than pay for a given amount 
of insulation. 

As the thickness of insulation is increased, the cost of heat- 
energy loss per unit of time is obviously decreased, but the cost 
of the insulation (cost per unit of time determined by amortizing 
initial cost over a given number of time units) is increased. 
Therefore, the economic thickness is that thickness which gives 
the least sum of the two costs. The relationship between these 
two costs, and the way they affect the determination of economic 
thickness is visualized in Fig. 1. 

It is to be noted that the first increment of thickness of a good 
thermal insulation effects a greater saving in heat energy than 
the second increment, the second increment a greater saving than 
the third and soon. Also, for similar cases of steady and unsteady 
state, the cost of heat loss and annual cost of insulation are, in 
general, both less for unsteady state. 


1 Research Physicist, Johns-Manville Research Laboratory, Man- 
ville, N. J. 

2 Staff Engineer, Industrial Insulation Department, Johns-Man- 
ville, New York, N. Y. 

3 Research Associate, Department of Mechanical Engineering, in 
charge of Heat’ Transfer Laboratory, Columbia University, New 
York, N. Y. 

Contributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Pittsburgh, Pa., June 19-22, 1944, of Tur 
AMERICAN Society or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Steady state is the process of heat flow where the temperature 
at any point in a wall structure is independent of time, and un- 
steady state is the process of heat flow where temperature varies 
with time. 

When the heat flow through the walls of heated or refrigerated 
equipment takes place under steady-state conditions, the deter- 
mination of the economic thickness of insulation is a relatively 
simple operation, as the heat flow is a function of only the conduc- 
tivities of the materials in the wall and the equilibrium tempera- 
ture gradient. The heat storage of the wall is only a factor in the 
initial heating up of the wall and has no bearing on the heat flow 
once a steady-state condition is attained. 

For flat surfaces (single material), and steady state, this 
thickness may be determined (1)4 from the equation 


a 
Ney? 


in which X is the most economical thickness, & is the thermal 
conductivity of the insulation, 6 is the cost of insulation per inch 
thickness per year, R is the sum of the resistances of all of the 
other elements in the construction and 


_ Yi —t)M 
~ 1,000,000 


x 


in which Y is hours of operation per year, t, is the temperature of 
the warmer surface of the wall, te is the air temperature on the 
cooler side of the wall, and M is the value of the thermal energy in 
dollars per 1,000,000 Btu. This formula applies only when the 
time of continuous operation is sufficiently long to make the 
amount of stored heat negligible with respect to the total heat 
transmission. 


COST PER YEAR 


82 


THICKNESS 


Fig. 1 


A, Cost of insulation 

B, Cost of heat-energy loss 
C, Sum of A and B 
Subscript 1, steady state 
Subscript 2, unsteady state 


Where the heat flow takes place under unsteady-state condi- 
tions, i.e., where the temperature varies with time, the deter- 
mination of the economic thickness is complicated by the fact 
that the heat flow also varies with time, and it is therefore 
necessary to determine the average flow. The average heat flow 
is a function of the average temperature gradient through the 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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wall which is affected by the heat storage capacity (density x 
specific heat), as well as by the conductivity. 

For the purpose of this paper, it is assumed that the inside 
temperature follows a pattern or cycle of variation, where for a 
portion of the cycle the temperature difference across the wall 
is increasing and for the remainder of the cycle the tempera- 
ture difference is decreasing. If, for each cycle, the temperature 
variation at any point in the wall duplicates that of the previous 
cycle, a state of cyclic equilibrium can be said to exist. The 
average heat flow of a typical cycle (after cyclic equilibrium is 
attained) is used as a basis for economic calculations. 

In the selection of the most economic materials for composite 
walls in unsteady operation, it is necessary to take into account 
the maximum temperatures reached at the interface points 
within the wall. It is obvious that for many cases the maxi- 
mum temperature for a given point in a wall will be appreciably 
less than the steady-state temperature, which means that for a 
given set of conditions a less expensive combination of insulating 
materials could be used for the unsteady state with a given 
maximum temperature on the hot side than for the steady state 
with the same maximum temperature. 


MertTHop or APPROACH 


So far there have been no formulas available for the deter- 
mination of unsteady-state heat flow that compare with the cal- 
culations for steady-state flow in simplicity and economy of time. 
A rigorous mathematical analysis of the heat flow in cyclic opera- 
tion would be ideal. This would, however, involve a solution of 
Fourier’s differential equation of heat flow applied to the partic- 
ular problem, and this is possible for only a few simple con- 
structions and conditions. This has been done for sinusoidal 
temperature variation, considering a 24-hr period only (2). 

The graphical method of Schmidt (3) presents a means of soly- 
ing many unsteady-state problems, but it is very tedious and 
time-consuming and involves certain assumptions which limit its 
accuracy. 

Probably the most useful mathematical method for solving 
unsteady-state heat-flow problems is the application of Christo- 
pherson and Southwell’s relaxation method described by Em- 
mons (4). This method is applicable to a large variety of such 
problems and its accuracy is good. The time of calculation, 
especially for cyclic-heat-flow problems, is however long in com- 
parison to the use of the curves described in this paper. 

Direct determination of heat flow in the unsteady state by 
experimental means requires a degree of instrumentation and of 
testing technique, which is, in general, so time-consuming that it 
is usually quite out of the question. This has been pointed out 
in a previous paper by two of the authors (5). Perry and Berg- 
gren have published a very interesting extension of Schmidt’s 
method for application on hollow cylinders (pipe insulation) 
exposed to a sudden change of temperature from the inside (6). 

There has been a definite need for a short and accurate method 
of determining heat flow for intermittent heating or cooling opera-~ 
tions but, since the development of such a method involved the 
accumulation of data from a vast number of wall constructions 
under actual operating conditions, it was a considerable, if not 
practically impossible, undertaking until the advent of the ‘‘Heat 
and Mass Flow Analyzer’ at Columbia University. 

A test program, designed to develop a short method, was in- 
stituted and carried out on the analyzer. The result of this work 
is a method which requires only the reading of values from 
curves and a small amount of arithmetic to determine the heat 
flow for any cyclic operation. 

In describing the present method of determining heat flow, two 
characteristics have to be discussed: 
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1 The method of investigation (utilizing the heat and mass 
flow analyzer). 

2 The method of presentation by means of dimensionless 
units which allow the simple procedure mentioned. 

The entire program has been carried out by the electrical- 
analogy method. This method, described previously (7), is 
based on the identity of the equations for loading of a nonin- 
ductive resistance-capacity circuit and those governing the heat- 
ing or cooling of a wall initially at zero temperature difference. 
This identity leads to the following analogy: 


Equivalent electrical terms 


Voltage 

Current 

Electrical resistivity 
Electrical capacity 


Heat terms 


Temperature difference 
Rate of heat flow 
Thermal resistivity 
Volumetric specific heat 


In order to utilize this method, a resistance-capacitance circuit 
must be built, the electrical properties of which are, by certain 
equations, related to the thermal properties of a wall. This 
circuit is then subjected to intermittent applications of voltage 
according to the intermittency and length of period in the thermal 
problem. 

In carrying out the electrical experiments, it is not necessary 
to use the same time as in actual heat flow. By appropriate 
selection of the electrical properties a “time ratio”? can be ap- 
plied. The experiments were carried out with various time ratios, 
so selected to make the experiments as short as possible, and still 
give good reading on the instruments. Thick walls, with slow 
changes of temperature and heat flow from the cold surface, were 
investigated with low time ratio, i.e., by relatively short electrical 
experiments. Thin walls, with fairly rapid changes of tempera- 
ture on the cold surface were investigated with high time ratio, 
i.e., by relatively long experiments. 

The setting up of a large number of such circuits as required 
for a large number of walls is facilitated by using the heat and 
mass flow analyzer. This analyzer consists of a great number of 
resistors and condensers so arranged as to facilitate the setting up 
of a large variety of circuits. Recording voltmeters are provided 
which allow the recording of voltage-time curves, which are 
analogous to temperature-time curves; the current, read on 
milliammeters, can be translated into the rate of heat flow. 

The end of the circuit representing the hot surface of the wall 
is connected for a period equivalent to the time ‘‘on” to a power 
supply held at a constant voltage equivalent to the inside tem- 
perature. After the time ‘‘on” has elapsed, the power supply is 
disconnected and the circuit starts to discharge. Following the 
basic assumption that no heat can be lost from the hot surface 
except that flowing through the wall, the circuit remains open at 
its “hot end.” At the “‘cold-surface end,” current continues to 
flow out of the circuit, equivalent to the heat flowing from the 
cold surface during the time ‘‘off.”” At the end of the time “‘off,” 
the power supply is again connected. This procedure continues 
until “cyclic equilibrium” is reached. 

In order to be able to present the results in a general way, 
certain simplifications had to be made which limit the accuracy. 
The possibility of eliminating some of these simplifications in 
future experiments is discussed later. Here a brief statement of 
the simplifications will be given in order that the method of pres- 
entation may be easily understood. ; 

The main simplifications are as follows: 


1 The insulated space is tight. The heat exchange takes 
place only through the wall with no by-pass such as stack loss. 

2 No corner effect. Only walls of infinite size have been in- 
vestigated. ; 

3 The walls have been considered to be homogeneous. The 
influence of joints has not been considered separately. The prop- 
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erties used for the walls have been thought of as including joints 
and similar irregularities. 

4 The thermal properties of the wall material do not change 
with temperature. 

5 The film conductance on the inside surface is infinite. 

6 The entire energy exchange takes place between sink or 
source of energy and the inside surface of the wall. (No load in 
refrigerator or furnace.) 

7 The temperature on the inside surface instantly reaches its 
final value and remains constant during the time “‘on.”’ This 
implies an infinite rate of energy input to the enclosure for the 
infinitely short time required to bring the inside surface to its 
final value. 


The greater part of this paper deals with homogeneous walls 
constructed of a single material. A brief review is given of the 
treatment of two-material walls where the two materials are 
arranged in such a manner that the heat flows through the two 
materials consecutively. 

After it had been decided to carry out the investigations by the 
analogy method, the question of best presentation had to be 
solved. Because of the great number of variables, the idea of 
gathering data for different combinations of variables appeared 
rather hopeless. The use of dimensionless units, long known, 
has been summarized and reviewed by P. W. Bridgman (8); it has 
been applied to the heat flow in solids. H. P. Gurney (9) first 
suggested the use of the combinations used in the present analysis 

aP k 
P= TE and m = AL 

Here a denotes thermal diffusivity (= conductivity /volumetric 

specific heat) 


P = total time or period of one cycle, i.e., time “on” + time 
Bay bite 
L = thickness of single-material wall 
P’ = reduced period (sometimes called Fourier number) 
h = film conductance 
k = thermal conductivity 
m = relative boundary resistance 


The dimensionless unit P’ ties the length of the cycle (P) in 
with the characteristics of the wall (a/L?). 

The two dimensionless units P’ and m are sufficient to char- 
acterize any single-material wall for the conditions of this paper. 
It should be noted especially that they hold only for the case of 
infinite inside-surface conductance, i.e., a given temperature is 
impressed directly on the inside surface. 

The resulting heat flow over 1 cycle is also expressed in dimen- 
sionless units; this is achieved by comparing it with the heat 
flow in steady state. Because of the “‘off” periods, the average 
heat, flow over the time P will be smaller than if the wall were in 
continuous operation over the same period. The fractional heat 
flow, abbreviated FHF, is the ratio of the heat flow occurring 
with intermittent operation to the rate of heat flow in continuous 
operation or steady state, Qs, 


ll 


a 


St 


FHF = <<oil 


The last unit that enters the picture is the “intermittency,” 
f, which is defined as the ratio of time “‘on”’ to time ‘‘on’’ + time 
“off?” or the ratio of time “‘on” to period 


be ORT I 
One On 


Before presenting actual experimental results, it may be well 
worth while to consider qualitatively what happens. Consider 


f 


Fig. 2. Intermittencies are plotted as abscissas; fractional heat 
flows, as ordinates. Consider first an operation of any intermit- 
tency with P approaching infinity. After only a fraction of the 
total time P, steady state in the wall is reached; during the bal- 
ance of the time “‘on,” the rate of steady-state flow will prevail. 
Since P is very long, the greater flow during the first part of ‘‘on’”’ 
becomes insignificant; the fractional heat flow compares the 
average heat flow during P with the steady-state flow. Thus 
when P is very long, the total flow during P is approximately 
Qs1°‘‘On.”” The heat flow in steady state would be Qs;- (On + 
Off); hence 


Qs:° On On 


Qs:(On + Off) On + Off 


hi 


For very great values of P, therefore, FHF approaches f for 
any value of f. 

Selecting equal scales for FHF and f, the line for P infinity will 
be a straight line at a 45-deg angle (curve 1, Fig. 2). 

Consider now the opposite limit of an extremely short period 
approaching 0. During the “‘off’’ time of such a short period, the 
inside surface has no time to change temperature. The value of 
the average rate of heat flow for cyclic equilibrium approaches 
that of steady state, i.e., the fractional heat flow approaches unity. 
The upper limit of FHF is therefore a line parallel to the ab- 
scissa (curve 2, Fig. 2). All curves for various values of P are 
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bound to lie between these two limits. A set of curves as shown 
in Fig. 2 may therefore be expected. 

The happenings become more clear, if cross curves to the curves 
of Fig. 2 are drawn, as in Fig. 3. The period P is plotted on the 
abscissa and FHF again on the ordinate. One curve is shown 
which holds for one intermittency. The curve starts at FHF = 1 
for P = zero, then decreases with increasing P and approaches 
asymptotically a value of FHF which is equal to the f for which the 
curve holds. 

A chart, such as the one exemplified in Fig. 2 or in Fig. 3, holds 
only for a given value of m. Inasmuch as m may be different for 
different conditions, there was the choice of a large number of 
graphs, following Figs. 2 and 3, for different values of m with 
interpolation between graphs for values of FHF, or a set of curves 
for m = 0 with correction factors for other values of m. It is 
believed that this second method results in easier handling of the 
graphs. 

In order to use such curves, it is always necessary to determine 
first the steady-state heat flow; the curves show merely the 
fraction of this steady-state flow occurring under given conditions. 

The presentation of results for the two-material wall was found 
to be more complex than the presentation for the single-material 
wall. 

An analysis (as yet unpublished) made by Dr. M. Avrami of 
Columbia University showed that all two-material walls having 
the same characteristic figures behave in the same way. The 
characteristic figures are as follows 


a Ly/ky 
Iy/ky + L2/ke 


2 


In these formulas the following notations are used: 


= thickness of one layer 

= thermal conductivity 

= time ratio 

= specific heat 

= volumetric density 

length of period (time “‘on”’ plus time ‘‘off’’) 
= characteristic wall figure 

= relative resistance 


8 Voe 3s eh 
ll 


In the equations, the subscripts 1 are used for all items re- 
ferring to inside material, and the subscripts 2 are for all items 
referring to outside material. 

Moreover, he suggested that the heat flows in a two-material 
wall, in so far as intermittent heating is concerned, can be approxi- 
mated by those of a so-called ‘‘equivalent single-material wall,” 
which is found by using the thermal properties of the inside ma- 
terial with an ‘equivalent thickness” L, defined by 


In order to eliminate the error due to this approximation, a 
correction factor must be used. To obtain the FHF of a two- 
material wall, the FHF for the ‘equivalent single-material wall’’ 
must be multiplied by this correction factor. 


RESULTS AND EXAMPLE 


Fig. 4 shows a chart with correct figures drawn following the 
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scheme discussed in general in Fig. 2. Intermittencies are plotted 
on the abscissa, fractional heat flows on the ordinates, the indi- 
vidual curves hold for different values of P’. Fig. 4 is drawn for 
m = Oor, in other words, for zero surface resistance. This means 
that the chart holds for the case where the outside surface of the 
wall is held at constant temperature. 

It has been stated previously that the results hold accurately 
only for the case in which the inside surface reaches its final 
temperature immediately. 

It has been mentioned that the main chart was made for a 
value of m = 0 and that correction charts have been prepared to 
take account of finite film conductances. It is impossible to show 
here all these correction factors. By way of example, Figs. 5 and 
6 are shown giving the correction factor Cp for various values of 
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P’ and several values of m for intermittencies of f = 0.2 andf = 
0.3. 

A great many experiments were carried out in order to gather 
correction factors to be applied to the heat flow of the “equivalent 
single-material wall” to find the heat flow for two-material 
walls. Out of the large number of correction factors C2, a few are 
plotted by way of example in Fig. 7. Correction factors are closest 
to 1 for values of g near unity. For small g, the correction factors 
are very low, for high values of g, they become quite large. Inas- 
much as the correction takes place by multiplication by the 
correction factor, low values of the latter as well as high ones 
indicate large correction. Necessary correction decreases with 
decreasing values of P’; with increasing values of 2; with in- 
creasing values of f; with decreasing values of m. 

It appeared desirable to know the temperatures within the wall, 
particularly for two-material walls. Dimensionless representation 
was again selected. Rather than attempting to plot tempera- 
tures directly, the temperatures for any point in the wall were 
plotted as fractions of the steady-state temperature for the same 
point (fractional temperature). However, as only the maximum 
temperatures are of interest, they only are plotted. Fig. 8 shows, 
by way of example, such a curve giving the fractional tempera- 
tures (maximum) versus P’ for m 0.5 and f = 0.25 (single- 
material wall). 

An example of the difference in economic thickness determined 
on the basis of steady-state and unsteady-state heat flow is 
demonstrated in Table 1. The economic thickness for both steady 
and unsteady state is worked out in the manner shown because a 
formula, similar to that used for steady state, would be so com- 
plex as to be impractical for unsteady state, and it was desirable 
to have the two examples directly comparable. The example is 
for a wall of a high-temperature furnace, constructed as JM-20 
insulating firebrick. Operating conditions are 8 hr ‘“‘o 21/s 
hr heating up; 5'/2 hr holding at maximum eee and 
16 hr “‘off;’ maximum temperature 1900 F; outside air 100 F; 
and operating time 7200 hr per year. Costs are $100 per thou- 
sand brick for material and labor, 15 per cent annual charge and 
30 cents per million Btu for heat. 

It is to be noted in this instance that the economic thickness 
for unsteady state falls between the 71/2-in. and 9-in. thicknesses. 
However, owing to the flatness of the total-cost curve, a 5-in. 
thickness can be chosen as the economic thickness. This com- 
pares with the 131/2-in. thickness for steady state. Also, as evi- 
dence that estimations of the intermittent rate of flow frequently 
used are unsafe, it should be pointed out that the fractional heat 
flow varies from 0.48 for the 5-in. JM-20 to 0.63 for the 9-in. 
JM-20. This is a change of better than 30 per cent. 

To demonstrate the simplicity of determining the unsteady- 
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Fig. 7 Correction Factors ror Two-MaTerIaL WALLS FOR 
VALUES oF P’ INDICATED ON THE CURVES 
(Solid line X1 0.2; dashed line Xi = 0.5.) 
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Fic.8 Maximum Fr Versus P’ ror OutsipE SURFACE OF A SINGLE- 
MaTerRIAL WALL 
(m = 0.5 and f = 0.25.) 


state heat flow by the present method, the calculation for the 
9-in. wall thickness is given as follows: 

In order to average the properties over space and time, the 
temperature at which k and c are determined is 


1900 - paral 


Assuming a linear temperature rise during the 2!/;-hr heating 
up period, the intermittency is taken as 


Hence the properties are selected for the temperature 
1900 - 1.281/4 = 608 F 
At this temperature for JM-20 brick 
& = 0.0875 Btu ft/hr sq ft F 


TABLE 1 DIFFERENCE IN ECONOMIC THICKNESS OF Hae Re eae FOR STEADY-STATE 
AND UNSTEADY-STATE HEAT FLO 
Million Btu Cost per year Cost per year Total 
Thickness, Btu per hr per sq ft heat loss, No. brick brick, cost per year, 
in. per sq ft per year dollars per sq ft dollars dollars 
Sreapy SraTe 
5 401.8 2.893 0.868 7.12 0.107 0.975 
7 291.3 2.098 0.629 9.96 0.149 0.778 
71/2 272.7 1.964 0.589 10.68 0.160 0.749 
229.7 1.654 0.496 12.80 0.192 0.688 
91/3 217.9 1.569 0.471 13.52 0.203 0.674 
10 207.7 1.496 0.449 14.24 0.214 0.663 
111/2 180.2 1.298 0.389 16.36 0.245 0.634 
12 173.1 1.246 0.374 17.08 0.256 0.630 
121/2 166.4 1.199 0.360 17.80 0.267 0.627 
° 131/2 154.5 1.113 0.334 19.20 0.288 0.622 
14 149.3 1.075 0.323 19.92 0.299 0.622 
141/23 144.4 1.040 0.312 20.64 0.310 0.622 
16 131.1 0.944 0.283 22.76 0.341 0.624 
UnsTEApDY STATE 
5 166.1 1.196 0.359 7.12 0.107 0.466 
7 146.8 1.057 0.317 9.96 0.149 0.466 
71/2 141.2 1.017 0.305 10.68 0.160 0.465 
9 126.2 0.909 0.273 12.80 0.192 0.465 
91/2 122.2 0.880 0.264 13.52 0.203 0.467 
10 118.1 0.850 0.255 14.24 0.214 0.469 
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c = 0.23 Btu/Ib F 
p = 0.31 lb/cu ft 


A surface conductance of 2.13 Btu/sq ft/hr (0.47 surface re- 
sistance) is used 


ll 


24 x 0.0875 
Aes = 0.524 
PY = 31 X 0.23 X 0.562 
800 
63 500) aioe tps OOD nes eaten fee 
peels OA 
0.0875 


From Fig. 4 for f = 0.281 and P’ = 0.4 FHF = 0.657 
P’ = 0.6 FHF = 0.609 
By direct interpolation for f = 0.281 and P’ = 0.524 


FHF = 0.627 
Using the film resistance of 0.47 
0.47 X 0.0875 
See O00 
aa 0.75 


The correction factor Cry,r is determined from Figs. 5 and 6 


For f = 0:3 Crur OM 
if = 0.2 Crur = 1.02 


By direct interpolation for f = 0.281 Crpyr = 1.012. 

Therefore, the corrected FHF = 0.627 X 1.012 = 0.634. 

The average heat flow is then 199.2 X 0.634 = 126.2 Btu/sq 
ft hr. 

By way of demonstrating the accuracy of this method of deter- 
mining the heat flow, the heat flow for the 24-hr period for the 
9-in. JM-20 wall is 24 126.2 Btu or 3030 Btu per sq ft which 
compares with 3350 Btu per sq ft for a 9-in. JM-20 wall in actual 
test under similar conditions as reported in a previous paper by 
two of the authors (5). 

It would be desirable to have general curves showing the 
economic thickness as a function of intermittency. However, the 
large number of variables involved makes the development of 
such curves impractical. Therefore, by way of example, the effect 
of intermittency on unsteady-state economic thickness is demons- 
trated by the curve in Fig. 9. This curve is based on JM-20 
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Fig. 9 Economic TuHicknress VERSUS INTERMITTENCY 


brick using the temperature conditions, costs, etc., used in the 
examples just given. The end points of the curve must obviously 
be zero thickness for an intermittency of zero and the steady- 
state economic thickness for an intermittency of 1. The general 
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shape of the curve between these end points is a function of the 
various factors determining the economic thickness and would 
appear to hold for other similar curves covering other sets of 
conditions. 


ACCURACY AND SIMPLIFICATIONS 


As mentioned previously, the tests were based upon a number 
of assumptions which made a simple and fairly comprehensive 
presentation possible. A discussion of the limitations of the 
method and the prospects of eliminating some of them is there- 
fore in order. 

The accuracy of the analogy method depends upon a number of 
different items discussed in some detail in a recent paper (10). 
From these considerations, it can be estimated that the accuracy 
of the experiments was within 2 to 3 per cent as far as heat loss is 
concerned. The accuracy for the temperatures is less; this was 
accepted in order to keep the presentation simple. In view of the 
fact that the thermal properties of insulating materials are not 
known with any greater accuracy and, moreover, change with 
temperature, the achieved degree of accuracy was considered to 
be entirely sufficient. 


Fie. 10 Errrct or Corners on Hear Firow 
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A, Cost of insulation 

B, Cost of heat-energy loss 

C, Sum of A and B 

Subscript 1, without corners \ 
Subscript 2, with corners 


The assumption of no corner effects leads to results which are 
sufficiently accurate for large enclosures. For small enclosures, 
however, considerable errors may occur; the smaller the enclosure 
the greater the error. This becomes evident from Fig. 10, which 
shows conditions for the two-dimensional corner; conditions in 
the three-dimensional corner are correspondingly aggravated. 
The total heat flow through the walls of a small enclosure, taking 
into account the corner effect, is higher than that of an enclosure 
insulated equally but discounting the corner effects. This holds 
for any intermittency and length of period. It is obvious that the 
volume of insulation per unit inside area is smaller than with 
corners. Therefore, the cost of the insulation increases more 
steeply if corner effects are considered than without them. The 
corner effect (shape factor) will decrease the economic thickness 
and increase the heat loss at that thickness (Fig. 11). Fortu- 
nately, the present investigations allow an approximation, which, 
except for extremely small furnaces, yields acceptable results. 
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Instead of introducing the thermal diffusivity of the materials 
actually employed, fictitious values are used which take into 
account the decrease of thermal resistance and the increase of 
thermal capacity due to the corner effects. 

The “thermal conductivity” is increased by multiplying it by 
the ratio of the geometric-mean area to the inside area of the wall. 
This is equal to a ratio of the rate of heat flow with to that with- 
out corners. 

Similarly, the ‘‘specific heat” is increased. Let V; be the wall 
volume without corners, V, the volume with corners, then in- 
stead of using the value c of specific heat, a value a. cis 

$s 
used. 

The density is not changed but is introduced at its actual value. 

For single-material walls of extreme thickness and small in- 
side dimensions, a further improvement can be made by dividing 
the thickness into two layers and treating the wall as a two- 
material wall, correcting the conductivity and specific heat for 
each of the two layers separately. If the enclosure is insulated in 
a different way on its six sides, each side has to be treated ac- 
cordingly. 

The assumption of no joints cannot be avoided in any general 
solution. A study by one of the authors of the influence of joints 
in one particular low-temperature steady-state application has 
been published (11). The electrical-analogy method lends itself 
easily to such studies. 

The thermal properties of most insulating and refractory ma- 
terials change to a considerable degree over the entire tempera- 
ture range. Unfortunately, the changes are different for different 
materials. Consequently, it is not possible to obtain general 
curves. Moreover, the generality would be lost even for one ma- 
terial if it were used at different temperature ranges, say once for 
a furnace at 1800 F, and then for one at 1400 F. If for any one 
specific case of sufficient importance (e.g., the annealing furnaces 
for the lens of the Mt. Palomar observatory) it appears desirable, 
investigations taking account of the change of properties can be 
carried out on the analyzer. But for general purposes, it is neces- 
sary to use the curves based upon constant properties. Several 
tests based upon conductivity-temperature and specific heat- 
temperature curves were carried out and compared with an ex- 
periment in which the properties were held constant during the 
experiment. They showed that the differences were reasonably 
small, the ratio of the results not exceeding, even in the most un- 
favorable case, 1.075. 

Preliminary tests showed that the assumption of infinite in- 
side film conductance is, for all wall designs which may be 
reasonably expected, permissible. This is not surprising. An 
inside film conductance of 10 Btu/sq ft hr F would not add appre- 
ciably to the resistance of a well-insulated structure. In the rela- 
tively few cases where conditions of essentially still air and low 
temperature obtain, the error due to neglecting film conductance 
would be somewhat greater. 

The assumption of an empty enclosure is not particularly de- 
sirable as many insulated spaces are heated or cooled together with 
a charge. However, there was again the choice to be made be- 
tween generally applicable curves and curves which would be 
more true to practice but applying only to individual cases. 
The difficulty encountered in an attempt to get general solutions 
including load is that the total energy input is split. If the energy 
input is thought of as taking place at the inner surface of the 
structure, then part flows into the wall and part into the load. 
If the ratio between both were constant (as might be the case in a 
furnace with continuous flow of load), then general curves could 
be set up. But the curves are most important for cases where 
the flow of load is not constant (batch operations). In such cases, 


the distribution between energy absorbed by the wall and energy 
absorbed by the load changes continuously as the saturation of 
the load proceeds. To make things worse, the distribution de- 
pends upon the temperature range at which the enclosure is 
operated as well as upon the shape, size, and material of the load 
and upon the nature and position of the temperature control. 
Again, individual cases can easily be investigated on the analyzer 
but no general curves should be expected. However, it would be 
possible to investigate the influence of the load on the selection 
of the insulation in some typical cases. It is not impossible that 
a more or less empirical rule might be found from such a set of 
experiments. 

If the rate of energy input at the start of a cycle were infinite, 
then the assumption of “sudden temperature rise’? would be 
correct. However, this assumption does not hold. Each ‘‘on”’ 
period is really composed of two parts: i.e., the first can be with 
sufficient accuracy considered to work with constant rate-of- 
energy input; during the second, the inside temperature is held 
constant. For heating up from cold to steady state, these condi- 
tions have been investigated and solved in a general way by one 
of the authors (12). For the intermittent operation covered by 
this paper, they have not been considered. It is possible to set 
up curves similar to Fig. 4 of this paper based, however, upon the 
assumption that during the first part of the ‘“‘on’’ period up to 
the time at which the inside surface temperature reaches the 
final temperature, only n times the rate of steady-state heat flow 
at this temperature is available. The amount of experimental 
work involved would be quite appreciable. 

In the meantime, the approximation used in the example given 
is advisable. For this purpose, one half of the time which the 
equipment needs to reach full temperature is deducted from 
the ‘‘on”’ period and added to the “off” period. For instance, in 
the example, a furnace which operates 8 hr ‘fon” and 16 hr “off” 
was considered. The heating-up period takes 21/2 hr daily. 
Then, based upon the approximation, the ‘‘on’’ period would be 
counted as lasting only 6.75 hr; the ‘‘off” period as lasting 17.25 
hr. The intermittency would then be f = 0.281. Preliminary 
experiments proved that this method of approximation yields 
fairly accurate results; accurate enough for the purpose of deter- 
mining the economic thickness of insulation. 

The assumption of a tight enclosure is probably reasonable for 
a great many cases. There would be no difficulty in developing 
more sets of curves similar to that in Fig. 4 of this paper, each 
holding for a different amount of leakage of heat from or to the, 
inside of the enclosure. In order to obtain general curves, this 
leakage would have to be expressed as a multiple of the insulation 
of the wall, i.e., a leakage resistance equal to n times the resist- 
ance of the wall. 


InsuLaTION APPLICATIONS TO INDUSTRIAL EQUIPMENT, 
INTERMITTENTLY OPERATED 


The economic applications of insulation to industrial equip- 
ment under intermittent operation are found in large numbers. 
For example, in the medium- and high-temperature fields, there 
are various types of heat-treating furnaces such as annealing, 
malleableizing, and carburizing furnaces, blast furnaces, and core 
ovens. In the low-temperature field, there are test chambers for 
aircraft equipment and personnel. These are but a few of the 
examples of equipment whose operation is inherently intermittent. 
As a matter of fact, any equipment which does not operate 24 hrs 
a day should be considered as in intermittent operation. For 
instance, a continuous type of annealing oven which operates at a 
constant temperature throughout the work day but is shut down 
overnight would show a very different heat loss on this basis from 
that determined for steady-state operation. 
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Discussion 


G. D. Baairy.’ The method of determining heat losses from 
intermittently operating equipment by setting up an analogous 
electrical circuit, as described in this paper, is a marked improve- 
ment over previous methods of making such measurements by 
direct thermal tests. Since the time involved in the electrical 
measurements is so short as compared with thermal methods, it 
should be possible to make a more complete study of each 
problem. 

In order to apply the method, however, the thermal con- 
ductivity and heat capacity of the heat insulation must be de- 
termined, and these measurements must still be made by the old 
methods of direct thermal tests. Once these constants have 
been established for a given type of insulation, it should be a very 
simple matter to determine the optimum economic thickness for 
any given application by the method described in this paper. 

The authors have made rather severe assumptions in order to 
simplify the formulas and make the electrical method applicable. 


5 Research Engineer, Union Carbide and Carbon Research Labora- 
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These assumptions appear to be amply justified when the method 
is used for the purpose of determining the optimum economic 
thickness of heat insulation, because the economic factors of 
depreciation and obsolescence and of the unit value of heat over 
a period of years are much less definitely known. The curves 
for the total cost, including cost of insulation and cost of heat 
energy lost, as shown in Fig. 11 of the paper, are usually rather 
flat at the minimum point, and the ordinary tendency is to choose 
a thickness of insulation slightly on the low side of the minimum. 
If obsolescence should retire the insulation in less than the as- 
sumed period of time, the saving in capital investment would 
more than balance the value of the extra heat loss, but if the 
period of use should extend beyond the assumed time, the in- 
creased energy lost would more than eliminate the saving in 
capital investment. 

Simplification 4 in the paper assumes that the thermal proper- 
ties of the wall do not change with temperature. Over relatively 
small temperature ranges, this assumption will not affect the 
result seriously, but when very high temperatures are involved, 
the thermal resistivity of the part of the insulation at the high 
temperature drops markedly, and the assumption will result in a 
thickness determination that is on the low side. If this effect 
were to be taken into account electrically, it would be necessary 
to set up a circuit in which the resistance varied with the voltage 
at any particular point in the circuit. 

Simplification 7 assumes an instant increase in temperature on 
the internal furnace wall to the maximum value when the heat is 
turned on, and this in turn requires an infinite rate of energy 
input at the instant of heat application. This assumption does 
not appear to affect the results for intermittent applications when 
the time cycle is fairly long, but for short periods and for low 
values of f, as shown in Fig. 2, it leads to an anomalous result. 
For curve 1 in Fig. 2, where P is equal to infinity, the result is 
not affected by this assumption, but for curve 2 where P equals 
zero and at the point at which f also equals zero, the graph shows 
that the fractional heat flow is equal to the full normal value for 
constant operation even when the ‘‘on’’ period is zero. It ap- 
pears that these curves should not be used for low values of f un- 
less P is large. 

This paper represents a valuable contribution to the methods 
of studying heat flow which has long been difficult and time- 
consuming. The clear definitions of the terms and symbols 
used in the paper are a valuable feature to the reader. 


M. H. Mawnurnney.* The use of the heat and mass flow 
analyzer is showing increasing value as a means of reproducing 
thermal flow conditions for study, to avoid the almost impossible 
obstacles in the road of either mathematical or heat-test methods, 

Even with this new method, a considerable number of assump- 
tions must be made, as outlined in the paper. The writer agrees 
that all of these assumptions are unimportant to the result, with 
the exception of the first one, i.e., that the insulated space is 
tight. The first purpose of this discussion is to demonstrate 
that by-passing of heat should be considered in the case of in- 
dustrial heating furnaces, in which the writer is particularly 
interested. 

Referring to the example (with data in Table 1), the authors 
evidently mean that the cost of the fuel is $0.30 per million Btu 
fired at the burner (for example, natural gas delivered at 30 cents 
per thousand cubic feet). Of this million Btu fired into the fur- 
nace at 1900 F internal temperature, about 460,000 Btu leave as 
latent heat in the flue gases, and only 540,000 Btu remain as 
useful heat for work and for heat losses through the walls. The 
cost of these heat losses is therefore actually 1.85 times that 


6 Consulting Engineer, Salem, Ohio. Mem. A.S.M.E. 
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TABLE 2 COST OF HEAT LOSSES ON REVISED BASIS 


At 1900 F furnace temperature, or 54 per cent efficiency. 
2 3 4 5 6 


-—At 1000 F furnace temperature, or 76 per cent efficiency—~ 
8 9 10 11 12 


1 
Years to Years to 
pay for Esti- pay for 
Yearly Yearly Total Net saved Investment increased mated Yearly Total Net saved increased 
; cost of cost of yearly over 5-in. forbrick investment Btu per cost of yearly over 5-in. investment 
Thickness, brick, heat loss, cost, thick per persqft, over 5-in. sq ft heat loss, cost, thick per over 5-in. 
in, dollars dollars dollars year, dollars’ dollars thickness per hr dollars dollars year, dollars thickness 
Strrapy SratTp 
5 0.107 1.610 1.717 on 0.712 aA 174 0.495 0.602 Pa 3 
vf 0.149 1.165 1,314 0.403 0.996 0.705 127 0.360 0.509 0.093 3.06 
7/2 0.160 1.090 1.250 0.467 t.068 0.762 122 0.348 0.508 0.094 3.79 
9 0.192 0.918 1.110 0.607 1.280 0.935 103 0.293 0.485 0.117 4.85 
91/2 0.203 0.873 1.076 0.641 1.352 1.000 98 0.278 0.481 0.121 5.29 
10 0.214 0.831 1.045 0.672 1.424 1.060 94 0.267 0.481 0.121 5.88 
11!/2 0.245 0.720 0.965 0.752 1.636 1.225 83 0.237 0.482 0.120 7.70 
12 0.256 0.693 0.949 0.768 1.708 1.282 79 0.226 0.482 0.120 8.21 
121/ 0.267 0.667 0.934 0.783 1.780 1,365 76 0.216 0.483 0.119 8.96 
131/2 0.288 0.619 0.907 0.810 1.920 1.491 72 0.204 0.492 0.110 11.00 
14 0.299 0.598 0.897 0.820 1.992 1.560 70 0.198 0.497 0.105 12.20 
141/9 0.310 0.578 0.888 0.829 2.064 1.635 68 0.193 0.503 0.099 13.67 
16 0.341 0.524 0.865 0.852 2.276 1.836 63 0.179 0.520 0.082 19.10 
UnsTrBaby STATE 
5 0.107 0.665 0.772 on, 0.712 sale 
af 0.149 0.586 0.735 0.037 0.996 7.66 Information not available 
71/2 0.160 0.565 0.725 0.047 1.068 7.57 
9 0.192 0.505 0.697 0.075 1.280 7.56 
91/3 0.203 0.489 0.692 0.080 1.352 8.00 
10 0.214 0.472 0.686 0.086 1.424 8.28 
calculated on the basis of fuel cost at the burner. At 1000 F mittent operation, but a minimum thickness is indicated be- 


internal furnace temperature, 76 per cent remains as useful heat, 
and the cost is only 1.32 times the cost at the burner. 

Table 2 has been prepared by the writer to show the cost of 
heat losses on this revised basis (columns 3 and 9), and the total 
cost including brickwork cost (columns 4 and 10) for furnace tem- 
peratures of 1900 F and 1000 F, and for the same thicknesses of 
JM-20 insulating brick as were used in Table 1 of the paper. It 
is immediately evident that much heavier insulation is now in- 
dicated for the steady state at 1900 F on the basis of this more 
expensive fuel figure. 

This creates a question whether the assumption that the thick- 
ness which produces the least total cost is necessarily the best 
practical thickness, and the problem has been analyzed by the 
writer in another way in Table 2. . 

For each temperature, the net saving in heat-loss cost per 
year was obtained, as compared with the minimum thickness 
of 5in. This was done by subtracting the increased brick cost 
above 5 in. thickness (15 per cent of the investment per square 
foot per year) from the increased savings per year over that for 
5 in. thickness. The additional investment over that for 5 in. 
thickness was then divided by the annual net saving to deter- 
mine the number of years required to return the initial additional 
investment. 

By this method, the economical thickness of insulation at 
1900 F for steady-state conditions would seem to be 91/, in., if 
the investment is to be returned in 1 year, which is a measure 
commonly used in industry. By the same measure, no increase 
above 5 in. thickness would be indicated at the temperature of 
1000 F. These conclusions are based on fuel cost after correct- 
ing for furnace efficiency, as has already been discussed, and 
therefore cannot be compared directly with the conclusions 
reached in the paper. On the basis of a fuel cost of $0.30 per 
million Btu at the burner and with the assumption that ad- 
ditional investment is to be returned within 1 year, a thickness 
beyond 5 in. cannot be justified. The thickness of 131/2 in. 
arrived at by the authors’ method in the paper for steady-state 
conditions would require 3.42 years to pay for itself. 

For the unsteady state, the tabulation with a true valuation 
of fuel cost indicates a very heavy wall in place of the authors’ 
selection of 5 in., arrived at by the method of total cost. By 
the method of determining return on the investment, it would 
appear that the minimum thickness permitted by structural con- 
siderations should be used. It is well known that light brick 
linings will save large quantities of fuel, particularly on inter- 


cause of the lower conduction losses with this type of operation. 

In conclusion, it is the opinion of the writer that the develop- 
ment of a method of evaluation of heat losses for the infinite 
combination of possible conditions which are met in practice 
is a very real contribution. By the methods outlined in the 
paper, a great many problems will be solved which to date have 
resisted efforts by other methods, and future papers will be 
awaited by engineers interested in the many phases of heat 
transfer, 


R. L. Perry? anp W. P. Beraeren.®? The authors are to be 
commended for making available their simplified solutions for a 
difficult and important heat-flow problem. 

Analytical solutions for several transient cylindrical problems, 
which can be applied to pipe-line insulation, are given by Cars- 
law and Jaeger.® 

The assumptions which limit the Schmidt method, in par- 
ticular the use of average properties and subdivision of a wall 
into finite layers, also apply to the electrical-analogy apparatus. 
The principal disadvantage in the Schmidt method for cyclic 
problems is that, unless a fortunate estimate of temperature 
distribution at some point in the cycle is made, say, at the start 
of the ‘‘on” period, the graphical procedure must be carried 
through several cycles before a repetitive distribution is es- 
tablished. For particular examples, when general curves are 
not being attempted, the Schmidt and Emmons methods have 
not been superseded. 

It should be pointed out that simplifications 1 and 4 do not 
influence the wall loss during the ‘‘on’”’ period, because of simpli- 
fication 7. They do affect the energy input required to approach 
simplification 7, and also affect the inner-wall temperature during 
the ‘‘off”’ period. 

If the shape of the warming-up temperature curve can be 
predicted, a closer approximation than allocating one half of the 
heating-up time to ‘‘on” and one half to ‘‘off’”’ can be made, 


R. M. SrucHett. 


7 Associate Professor of Agricultural Engineering, and Associate 
Agricultural Engineer in the Experiment Station, University of Cali- 
fornia, Davis, Calif. 

8 Assistant Professor of Physics, and Assistant Physicist in the 
Experiment Station, University of California, Davis, Calif. 

9 “Some Two-Dimensional Problems in Conduction of Heat With 
Circular Symmetry,’’ by H.S. Carslaw and J. C. Jaeger, Proceedings 
of the London Mathematical Society, series 2, vol. 46, 1940, p. 361. 

10 Mellon Institute of Research, Pittsburgh, Pa. 
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is often the major factor in its success or failure. Thus the con- 
tributions made by the authors in their present paper will find 
extreme usefulness in the many applications of insulation to tem- 
perature equipment under intermittent operation. 

The problem has not been completely solved. Certain con- 
siderations must yet be worked out, and many assumptions must 
be justified or corrected. In 1913 Prof. Edwin F. Northrup 
stated, “‘the flow of heat is often difficult of calculation and is al- 
ways difficult of precise measurement.”’ Thirty years from now 
this same statement if repeated will no doubt be as much in order 
as it is today. Yet it is only through farsighted vision that we 
recognize the problem, approach a solution from a basic view- 
point, and finally arrive at a workable and practical answer. 
This the authors have done with the problem presented in their 
paper, and they are to be commended for it. The adaptability 
to all insulations of the fractional heat-flow curves for the de- 
termination of economic thicknesses should serve as a stimulus 
to insulation manufacturers. Research programs must be 
broadened to include further investigation of thermal-con- 
ductivity and specific-heat values in the extremely low- and high- 
temperature ranges along with the ever-increasing develop- 
ment of new insulation materials. 

Dr. Irving Langmuir! was among the first to recognize the 
similarity between the flow of electrical and heat energies and 
made use of the analogy in the theoretical as well as experi- 
mental determination of shape factors for various geometrical 
designs. Many others have attempted to continue this work. 
With the inception of the heat and mass flow analyzer, present- 
day investigators have been given a new tool which may mean 
the discarding of time-consuming heat-flow measurements. 

It is most interesting to note that the method provides a means 
of making a more economical choice of a combination of insula- 
tion materials. This point is important; for under certain con- 
ditions, as in the walls of a steelmaking furnace, the service life 
of which is relatively short, a substitution of less expensive ma- 
terials may mean an appreciable saving. 

In the light of their results, the authors point out the in- 
advisability of using estimated intermittent heat-flow values. 
As an example, we recall the insulation of a group of four 1-in- 
diam copper tubes through which liquefied natural gas at a tem- 
perature of about —258 F was to be passed in regular cycles. 
After consultation the experts decided that 3 ft of insulation was 
necessary to prevent undue regasification of the liquid. How- 
ever, when the insulation was to be put into place it was found 
that the copper tubes had been installed in such a manner that 
there was space enough for a thickness of only about 6 in. The 
1-ft-diam enclosure did the job satisfactorily. 

The increasing use of the electrical-analogy method of deter- 
mining heat flow has brought into greater prominence the factor 
of thermal diffusivity. This is heartily applauded. The prac- 
tice of basing the selection of an insulating material upon thermal- 
conductivity values alone is certainly not in keeping with other 
rigorously scientific procedures. 

In the calculation of the illustrative problem, an explanation 
of the method for determining the average temperature would 
be appreciated. Is the formula, Maximum temperature 

(1 + Intermittency) 


4 

veloped ina manner similar to the intermittency approximation? 
In the section including an analysis of corner effects, the paper 
contains a so-called ‘‘fictitious’”’ or equivalent specific-heat value. 
This is made up of the volume of the insulation without corners 


, anempirical quantity? Has it been de- 


1 “Tow of Heat through Furnace Walls, and the Shape Factor,” 
by Irving Langrouir, E. Q. Adams, and G.S. Meikle, Trans. American 
Electrochemical Society, vol. 24, 1913, pp. 53-84. 
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plus the volume with corners multiplied by one half the normal 
specific heat. This would seem to be a misprint as the specific- 
heat value would obviously increase beyond reason. 

Mr. Ludwig Adams!? of our research organization has described 
some of the difficulties encountered in determining thermal con- 
ductivities of insulating material in ranges as low as —320 F. 
Those of us who have experienced these difficulties can ap- 
preciate the desire to eliminate any part of the tedious and time- 
consuming procedures involved in such investigations. 

For this reason, the writer would like to know if the authors 
have ever attempted the determination of k values by means 
of the heat and mass flow analyzer? Using experimentally 
determined temperatures on the surfaces of a given thickness of 
insulation, could the electrical circuit resistances be varied until 
the voltage readings corresponded to the temperature factors? 
If this could be done, the conductivity k could then be readily 
calculated from the resistance obtained, along with the thickness 
and the heat capacity of the insulating material. A means of 
obtaining temperature gradients might be through the con- 
struction of a cubical metal box, approximately 1 ft along each 
edge, and with an open top. Five different types of insulations 
or five different thicknesses of the same insulation could be fast- 
ened to the five faces of the box. The box could then be filled 
with a constant-temperature medium such as boiling liquid 
nitrogen, liquid propane, or liquid butane and so maintained for a 
suitable period of time until temperature equilibrium was estab- 
lished. The temperatures through the insulation could then be 
measured along the center line normal to each face of the box by 
means of thermocouples placed at convenient locations. Attack= 
ing this problem along the experimental lines noted would mean 
that at least five conductivity determinations could be accomp- 
lished in the time previously required for one. The authors’ 
comments upon this tentative suggestion will be greatly ap- 
preciated. 

Again, we congratulate the authors upon work well done, and 
we hope that these studies will be continued to broaden even 
further the knowledge of economical thermal] insulations for inter- 
mittent heat flow. 


H. R. Wizson.!8 This practical demonstration of a method 
for determining the economical thickness of refractories and 
insulation serves to establish further the merit of the electrical- 
analogy principles, as developed by Dr. Paschkis. The presenta- 
tion is in a form facilitating general application to problems 
within the scope outlined and extension of the method to include 
more variables appears possible without undue complications. 
The simplifying assumptions appear to have been well taken, 
the relatively small loss in accuracy being compensated by in- 
creased utility. 


AuTHOoRS’ CLOSURE 


A large part of the discussion deals with the various simplifica- 
tions made in the paper and therefore these comments will be 
answered first. 

Simplification 1 (Mr. Mawhinney) could be dropped but for 
the presentation by dimensionless charts, this would mean one 
more parameter, resulting either in a three-dimensional graph, 
or in a fairly large number of one-dimensional graphs. The 
(dimensionless) parameter to be introduced might be, e.g., in the 
form of a relative boundary resistance, active only during the off 


12 “A Method of Determining Thermal Conductivities at Low Tem- 
peratures,” by Ludwig Adams, paper presented at June 7, 1944, 
meeting of the American Society of Refrigeration Engineers published 
September, 1944, in Refrigerating Engineering. 

13 Research and Development Laboratories, 
Company, Painesville, Ohio. 


Diamond Alkali 


BRADLEY, ERNST, PASCHKIS—ECONOMIC THICKNESS OF THERMAL, INSULATION 103 


period: resistance of heat leak/resistance of the wall. The 
authors agree that it would be desirable to extend the graphs for 
such case, if time and funds permit. 

Simplification 4. In the case mentioned by Mr. Bagley a 
simple and practical approximation would consist in considering 
the single layer wall to consist of two or more fictitious layers of 
different materials; the properties of each of these fictitious layers 
would be those of the true wall material, but selected for a dif- 
ferent temperature range; the temperature ranges would conform 
to the estimated temperatures for the respective part of the wall. 
As mentioned in the paper, curves for the two-layer wall are 
available, whereas for three or more layer walls no general 
solutions are available as yet. The authors cannot agree with 
Messrs. Perry and Berggren’s statement, that simplification 4 
does not influence the “on period.” 

Simplification 7 (Mr. Bagley). The authors agree with the 
first part of Mr. Bagley’s statement (regarding the necessary 
infinite rate of energy input). Regarding curve 2 in Fig. 2 it 
should be pointed out that this curve is introduced as “‘limit”’ 
which as such of course can never be reached; an infinitely short 
period is physically not obtainable. If more curves were put 
between curves 1 and 2, they would follow closely the ordinate 
axis and near the value “one” bend very sharply to follow almost 
the horizontal line “one” for FHF. Because of the lack of curves 
in the upper left corner of graph 3, however, extrapolations in 
this range would be rather inaccurate. The authors believe, that 
few practical cases, if any, call for curves in this region. 

Two discussers (Mr. Bagley and Mr. Stutchell) bring up the 
problem of physical properties. It is agreed that the heat and 
mass flow analyzer is mainly a calculating device, which is ac- 
curate only to the extent to which the physical properties of the 
materials involved are known. However, it should be pointed 
out that the analyzer could be very helpful in determining prop- 
erties by operating it, so to say, in reverse. It has been proposed 
to determine thermal diffusivities through experiments with 
transient heat flow; by heating or cooling a body and observing 
temperatures at two or more points, the diffusivity can be calcul- 
ated. Calculation, however, is only possible if a number of con- 
ditions prevail: thermal conductivity and specific heat must be 
independent of temperature; the temperature or the heat input 
at the surface or some other characteristic point must follow a 
reasonably simple mathematical law and the shape of the body 
must be sufficiently simple to permit mathematical analysis. 
These conditions are mostly nonexistent or very hard to obtain. 
If the analysis of temperature-time observations is carried out 
on the heat and mass flow analyzer only the condition of simple 
shape need be retained,,whereas the two other limitations do not 
apply. Thus by the use of the heat and mass flow analyzer the 
scope of the very promising method of determining the con- 
ductivity by the apparent detour of measuring temperature dif- 
ferences is greatly enhanced, and the experiments serving to 
establish the temperature differences are simplified. 


Mr. Stutchell’s suggestion to use the analyzer for the steady- 
state conductivity measurements is interesting. The authors 
understand the idea as follows: if the cubical box is covered on 
five sides with insulation of different values (conductivity and/or 
thickness), and if the inside temperature is the same, then due to 
lateral heat flow on the different sides a certain temperature pat- 
tern will evolve. 

This pattern is characteristic for the conductivities involved. 
By trial- and error-method this pattern could be duplicated on the 
heat and mass flow analyzer, and thus the conductivities of the 
five materials could be found. Such procedure would be tech- 
nically possible; but the authors doubt if it would offer ad- 
vantages above and against the direct measurements of con- 
ductivity. The trial- and error-method on the analyzer would be 
quite lengthy; the maintenance of constant temperature on the 
inside of the body would be difficult; and the heat loss from the 
open top would be considerable. 

Mr: Mawhinney’s comments on the method of determining the 
economic thickness introduce the idea of “minimum thickness,” 
probably on the basis of the requirements of mechanical strength. 
It appears to be more desirable to determine the economic thick- 
ness from the thermal point of view, and independent of that the 
minimum thickness from the viewpoint of mechanical design; 
the choice then will of course be determined by the larger value. 
Mr. Mawhinney moreover suggests as ‘‘normal’’ to introduce an 
annual charge of 100 per cent rather than 15 per cent. To the 
authors this appears to be exaggerated. The insulation thickness 
is thereby so reduced that the increased cost of heat lost every year 
of operation after the first would more than cover the cost of the 
greater thickness of insulation, calculated as ‘“economic thick- 
ness.” However, the charts presented in this paper allow any 
method of selecting the thickness, including the one proposed by 
Mr. Mawhinney. 

Mr. Stutchell’s request for an explanation of the use of the 


f is answered as follows. It is assumed that the space 


1 
factor 


(referring to space occupied by wall material) mean temperature 
is approximately equal to one half of the inside surface tempera- 
ture; the latter is approximately proportional to FHF. FHF 
lies always between the limits 1 > FHF > f. For many case- 
itis sufficiently accurate to put PHF =1/.(1+ f). Then the spaces 
Flor ad times the maximum 
Lat 

2 
is not found to be sufficiently accurate, a step by step method can 
be applied. 

In connection with the fictitious specific-heat value, there was a 
misprint in the preprint, which has been corrected in the final 
paper. 


time mean temperature is 9 : 


inside surface temperature. If the approximation FHF = 


Shear Shere of Glue Joints as Affected 
by Wood Surfaces and Pressures 


Including Data on Glue Penetration Into Wood and Relationship 
Between Glue Thickness and Shear Strength 


By J. W. MAXWELL,! WALLINGFORD, CONN. 


The study reviewed in this paper was initiated to deter- 
mine accurately the pressures and types of surfaces that 
would insure the strongest glue joints. The prevailing 
idea that roughing wood prior to gluing has been proved 
to be faulty. Asa result of this study, the author advo- 
cates the use of the smoothest type of surface that is 
practical to produce. Photomicrographs of the various 
types of glue joints studied are presented and discussed, 
while graphs and photographs give evidence of the con- 
clusions drawn. A discussion on glue penetration is in- 
cluded, and conclusions are drawn concerning the possi- 
bilities of such a situation. A glue-film thickness and 
shear-strength relationship is also presented, with a brief 
discussion on the possible nature of adhesion. 


INTRODUCTION 


INCE the inception of the war, the use of synthetic-resin- 
S bonded wood has attained major importance in replacing 
scarce and strategic metals in the manufacture of air- 
planes, PT boats, and many other war products. The science 
of wood engineering, particularly as related to the fabrication 
and assembly of wooden members through the use of modern 
adhesives, is still in the experimental stage. It is unfortunate 
that the available data are nowise comparable to those at the com- 
mand of engineers working with steel, the alloys of aluminum, 
etc. At the present time such engineers are metal-minded and 
logically so, largely because of a dearth of information on the 
superiority of wood over metal within its sphere of usefulness. 
Since wood, unlike metal, is of organic origin and results from 
the growth of trees, from its very nature it is a variable material 
of construction. Its proper use is therefore contingent on the 
solution of many engineering problems not encountered with 
metal, the composition of which can be accurately decided upon 
in advance, to insure the properties required. In the use 
of wood, design which insures the greatest working efficiency of 
wood for a product such as an airplane may be quite different 
from that where metal is used. Aeronautical engineers versed 
in designing metal planes will do well to keep this ever in mind. 
Wood has certain drawbacks as a structural medium, among 
which is the fact that it does not shrink equally in all directions, 
it varies in volume below the fiber saturation point with varying 
degrees of atmospheric humidity, etc. It does, however, have the 
advantage of relative cheapness and light weight in proportion 
to its strength. Furthermore, the objections traceable to the 
heterogeneity of wood can be largely overcome through the 
fabrication of plywood and laminated wooden members, using 
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modern methods of molding and synthetic-resin adhesives. The 
proper use of such adhesives in bonding wood to wood in making 
wooden members is a major problem in the woodworking industry 
today, a prime objective in the competition between wood and 
metal. This country has now arrived at the era of the refined 
use of wood. It will stand or fall in competition with metal 
only in so far as full advantage is taken of those peculiar prop- 
erties which recommend it for certain purposes in lieu of metal. 


‘Purposs, NATURE, AND DEVELOPMENT OF THE INVESTIGATION 


The purpose of the present study from its inception has been 
to provide basic and accurate information relative to the bonding 
of wood. If the proper technique is used in making plywood, a 
material that is more homogeneous and stronger than solid wood 
will be the result. However, unless the bonding is as strong or 
stronger than that which holds the cells of wood together, the 
resulting product will be weaker than a piece of solid wood of the 
same dimensions. Strength of fabricated members at the glue 
lines therefore is of first importance; and gluing procedures that 
result in weak joints should be avoided. The subject research 
was initiated to determine accurately the pressures and types 
of surfaces that would insure the strongest glue joints, using a 
given kind of glue. 

Many types of surfaces and pressures were considered for use 
in this research. The types of surfaces to be glued were chosen 
from those commonly used in industrial practice. Good and bad 
types were selected intentionally, to indicate the disadvantages 
or advantages accruing from the use of such surfaces. Glue 
companies and other agencies have advocated glue pressures ap- 
proximating 200 psi.? It seemed desirable therefore to employ 
different pressures below and above this point, since it might be 
that pressures well under 200 psi would prove fully as effective 
in producing a strong joint as those above this figure. 

The development of the problem necessitated a study of the 
pressure methods in use in the industry to hold the members of an 
assembly together while the glue is setting. In practice, it was 
found that C-clamps, nails, and screw presses were most com- 
monly employed for secondary gluing.* Such devices, once in use, 
do not allow for automatic readjustments to maintain the initial 
pressure, should this be dissipated to any extent. 

Fortunately, this phenomenon of diminishing initiai glue 
pressures was fully realized at the start of this research. Some 
means had to be found therefore to apply a given pressure 
within the range of those employed in the industry and to keep 
it constant throughout the gluing process. Only by such a pro- 
cedure could comparative data of the efficacy of arbitrarily 


2“Uformite CB-551 Cold Bonding Studies,’’ Resinous Products 
and Chemical Company, Philadelphia, Pa., Bulletin No. 2, October, 
1942, p. 5. 
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chosen pressures in force over a given period of time be ob- 
tained. 

It was also necessary to set up certain other controls, in ad- 
dition to that of insuring a constant pressure. These pertained 
to glue and wood. 

The government specification AN-G-8 was followed very 
closely in setting up the experimental procedure. For example, 
sugar maple (Acer saccharum Marsh) was the wood used, since 
the maple shear block is an accepted method of testing the 
strength of glue joints in shear. 

There are other factors connected with wood such as the ‘‘cut”’ 
(flat or quartered sawed), and the method of surfacing. The 
latter will be discussed subsequently. 

The glue used was one of the many synthetic urea-formalde- 
hyde dry adhesives now on the market. This type of glue was 
selected since it is one that has been commonly used throughout 
the field for secondary gluing. It was mixed and used according 
to the manufacturer’s specifications. A small laboratory model 
of a roller-type glue spreader was used for spreading the test 
strips. It was adjusted to coat a film comparable to 24 g per 
sq ft of glue line (equivalent to 52.6 Ib per 1000 sq ft). Double 
spreading was used throughout this research. 

Other factors that were considered to be of importance as 
controls were the temperature of the glue room, the conditions 
of the storage room used for the conditioning of the final glued 
test blocks, the open assembly time, closed assembly time, and 
the length of pressing. The temperature of the glue room ranged 
between 75 to 85 F. No equipment was available for controlling 
the relative humidity, except in the conditioning room used for 
storing the pieces after pressing. Here the relative humidity 
was kept at 50 per cent and the temperature at 75 F. 


MATERIALS AND EQuipMENT USED IN INVESTIGATION 


Materials. The glue, as stated previously, was of the urea- 
formaldehyde cold-setting type, from one source. 

The wood, sugar maple, grade No. 1 common, was obtained 
from a local lumberyard and was kiln-dried stock that had been 
stored for some time in a shed. After purchase, the lumber was 
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stored in the laboratory for a period of 1 month before use. 
Throughout the experiment, moisture-content determinations 
were made and at no time did these vary more than 1 per cent 
from an average of 10 per cent. 

Equipment. The equipment consisted of the following: 


(a) Constant-pressure ma- 
chine, shown in Figs. 1 and 2. 

(b) Glue spreader of the 
roller type, similar to that used 
in industry. 

(c) Woodworking machines 
which are commonly used in 
industry such as a jointer, 
sander, planer, and circular 
saw. 
(d) Riehle testing machine 
with a standard shearing tool. 
The rate of the load application 
was 0.013 ipm. The pressure 
was registered on the calibrated 
beam. Constant poise was 
maintained by special attach- 
ments added by the author. 


METHODS OF PREPARING 
SURFACES 


Planed. For this type of sur- 
face it was only necessary to 


a Pressure head d Coupling plane the faces in a planer and 
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(Made entirely from scrap metal.) 


glued over the jointing machine 
which was set for a thin cut. 
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This tended to produce a smoother surface than the planer. 

Sanded. In preparing this type, the pieces were treated as 
follows: Boards were planed and then sanded at 0.5 psi pressure. 
Care was taken to obtain a flat and even surface. The test strips 
were then cut to size for gluing. 

Sawed. This type of surface was prepared by ripsawing the 
face of a planed test strip so as to produce a sawed-surface effect. 

Burnished. This surface was produced by passing the wood 
over a very dull planer at a slow speed. The effect achieved is 
that which occurs when a board sticks in a planer and the planer 
knives beat at one place until the wood is charred. 

Combed or Tooth-Planed. This type of surface was secured by 
planing the wood with a hacksaw blade in place of the normal 
planer blade. The wood was deeply furrowed. 


Tue Main INVESTIGATION—EFFECT OF VARIATION OF PRESSURE 
AND SURFACE ON SHEAR STRENGTH OF GLUE JOINTS 


Objectives Sought. The purpose of this study was to determine 
the pressures and the types of surfaces that would result in the 
strongest glue joints. To be sure many investigations have been 
made on the effect of pressure alone upon the shear strength of 
such joints.‘ In others the surfaces were varied,’ but the pres- 
sures were kept constant for each series of tests. Both of these 
objectives were sought in this research. Seven constant pres- 
sures, namely, 5, 25, 50, 100, 150, 200, and 250 psi, and five types 
of surfaces were used. 

Procedure. The test strips were sawed from selected wood and 
surfaces were prepared in the manner described previously. 
When one half of the working life of the glue had elapsed, the 
strips were spread and immediately placed together. This meant 
that the open assembly time was about 30 sec. As soon as six 
“sets” had been prepared, they were placed in the crib, with 
rubber cauls between each set. The side clamps of the crib 
were then tightened to prevent slippage. The pressure was ap- 
plied, after which the side clamps were loosened slightly to pre- 
vent the sides of the crib from absorbing any of the pressure. 
The closed assembly period ranged from 10 to 15 min. A 12-hr 
pressure was used and then the glued strips were placed in a con- 
stant 50 per cent relative humidity room for a 10-day conditioning 
period. At the end of this time, the glued strips were band-sawed 
to approximately 2 in. width, then planed to the exact width, 
Fig. 3, and the end piece cut off in squaring. The side strips 
were saved for further studies of the glue joint. The test strip 
was then sawed into test blocks. This method warranted the 
assumption that the two ends were parallel and that the area of 
the contact face of the glue joint was 3 sq in. ; 

The shear tests were made according to AN-G-8 specifications. 

4 Uformite CB-551 Cold Bonding Studies,’’ Resinous Products 
and Chemical Company, Philadelphia, Pa., Bulletin No. 2, October, 
1942, pp. 5-6. 

§‘*Preliminary Experiments to Improve the Gluing Characteristics 


of Refractory Plywood Surfaces by Sanding,’”’ by F. H. Kaufert, 
Forest Products Laboratory, Bulletin No. 1351. 
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Discussion of Shear-Test Data. It is difficult to arrive at any 
conclusions by simply scanning the shear values and the average 
shear values. In order to interpret the data so as to give some 
weight to the factor of ‘‘per cent fiber pull,” the average shear 
values must be computed in terms of per cent fiber pull. The 
averages for the pieces between 50-0 per cent wood failure were 
used to plot graphs showing the effect of pressure of the shear 
strengths of the glued joints. These average values and the 
averages of all the tests are given in Table 1. 


TABLE 1 AVERAGE SHEAR STRENGTHS OF GLUE JOINTS FOR 
VARIOUS SURFACES 


Wood 
failure, Gluing pressures, psi——————— 
Surfaces percent 65 25 50 100 150 200 250 
Planed 50-0 3092 2934 2815 3277 3182 3135 3837 
100-0 3116 2998 2813 3369 3224 3009 3757 
Sanded 50-0 2274 2970 2331 2922 3353 3634 3406 
00-O 2357 2988 2342 2996 3378 3558 3422 
Sawed 50-0 2616 3050 2985 2685 2961 3104 3061 
100-0 2690 3044 3003 2777 »=©2988 )3=— 3107 = 3078 
Burnished 50-0 3112 2520 3268 2971 2949 3149 2863 
00-0 3143 2687 3268 2979 3051 3215 2893 
Combed 50-0 2403 3068 2750 3004 2473 2760 3043 
100-0 2403 3062 2812 3004 2491 2795 3006 


A composite graph, Fig. 4, was plotted, containing the curves 
of all the shear data for the various surfaces. These curves were 
quite irregular and were not especially illuminating. The data 
were again studied as a problem in correlation. New curves were 
then plotted on this basis, as shown in Fig. 5, the composite 
statistically treated graph. These new curves were straight and 
were understandable. 

The composite statistically treated graph, Fig. 5, warrants 
the following deductions: Planed surfaces result in the strongest 
joints, followed by sanded, sawed, burnished, and combed, in the 
order listed. The coefficient of correlation (which can be deter- 
mined from the graph by the rate of increase in shear value in 
proportion to increase in gluing pressure) was the greatest for 
sanded surfaces. This, the author believes, was due to the 
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nature of the surface and its relation to the 
phenomenon of adhesion. 

Referring to Fig. 6, note should be made of the 
fact that the sanded surface appears splintered 
and that certain portions of the wood have been 
carried away by the grit, leaving more or less 
uniform striae. By contrast, in Fig. 6, the planed 
surface shows almost a complete absence of such 
striae. It is fairly easy to understand why a 
joint with faces surfaced by sanding will increase 
more in strength with increasing glue pressures 
than one with planed surfaces, when the nature 
of adhesion is considered. 

Adhesion is due to attractive forces set up 
between unlike molecules. If two surfaces of 
wood could be forced together so that an infini- 
tesimal distance remained between them the pieces 
would cohere, according to the conception of physi- 
cists. These conditions, in the case of wood, only 
exist in theory. The use of glue between two such 
surfaces, however, could permit of molecular link- 
age by adhesion, sufficient to hold the pieces 
together. 

It is a well-known fact that the thinner the 
glue line, the stronger the bond.? Therefore, if 
the two surfaces that are being glued can be 
brought into closer proximity by pressure, a strong 
bond will result. This condition holds when the 
surfaces are planed. Granted, that a planed sur- 
face does have some irregularities due to the hit- 
ting of the planer blades (this is noticeable in Fig. 
6F)—still these irregularities are not so deep as 
those in sanded wood. Consequently, an increase 
in the gluing pressure will not diminish the dis- 
tance between planed wood surfaces to any ap- 
preciable degree, and the expense involved in 


applying higher pressures is not justified. In contrast, sanded 
surfaces can be brought clpser together by pressure, with a 
resultant proportionate increase in the strength of the glue bond 
as the thickness of the glue film becomes thinner. 

The same theory may likewise be applied to sawed surfaces. 
On these there are many fibers that have been cut diagonally to 
their longitudinal axis, thereby weakening them as anchors for 
glue. The coefficient of correlation is very low in this case, owing 
to the poor surface contact of the glued pieces. This can readily 
be seen in Fig. 7C which illustrates a sawed type of glue joint. In 
this instance, too, high pressures are not capable of forcing the 
two surfaces sufficiently close together to result in joints as strong 
as those when the surfaces are planed. 

Combed or tooth-planed surfaces may be considered as a cross 
between those that are planed and those that are deeply sanded. 
The reason for the higher value of the coefficient of correlation in 
these instances was probably due to the presence of planed por- 
tions which came into juxtaposition along the glue line. This 
increased the holding power of the joint as the surfaces were 
brought closer together with increasing pressure. 

Burnished surfaces produced joints of uniformly low strength, 
with no tendency to increase with the higher pressures. This 
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‘was probably due (1) to the deposit of slightly charred wood on 
the surface which prevented the glue from adhering to the sound 
wood, and (2) to the nature of the even surface. The evenness 
approached that of planed surfaces. 


EXAMINATION OF GLUE JoINTs AT High MAGNIFICATION 


These studies were initiated to determine whether pressure 
had any effect on glue penetration; to determine, if possible, 
the nature of adhesion between the glue and wood. The micro- 
technique involved in making mounts for such an examination 
presented some difficulties but these were surmounted. 

A small block,'/; in. sq, was cut from the center of each of the 
end pieces reserved for this study at high magnification (see 
Fig. 3, and accompanying text). A sample was studied from 
‘each surface type and each pressure differential. 

The blocks were softened by a water and acetone treatment 
and were then placed in a 12 per cent solution consisting of cel- 
lulose acetate butyrate dissolved in acetone for several days. 
Sections 15 to 20 microns in thickness were cut from these blocks 
with asliding microtome. These were stained with Haidenhain’s 
haematoxylin, followed by aqueous soluble safranin and mounted 
on slides with diaphane. Photomicrographs were taken and are 
presented in Figs. 7, 8, and 9. 

Study of the sections and photomicrographs can lead to but 
one conclusion in so far as hard maple is concerned, namely, that 
pressure had little effect on glue penetration. Little penetra- 
tion occurred other than into those vessels, fibers, and ray cells 
‘that opened immediately to the glue-spread surface. Glue 


of the type used in this investigation does not pass through cell 
walls because of the size of semipolymerized glue molecules which 
are larger than the spaces between cellulose molecules. Fig. 8, 
which is a photomicrograph of the glue bond between wood, 
clearly shows the actual relationship that exists. The glue 
would have considerable difficulty in passing directly through 
the cell wall from one fiber cavity to another except by osmosis 
or absorption and this is not likely since the molecules of glue 
are macromolecular in size. Consequently, penetration can only 
take place through openings that result when the walls of such 
cells are cut or broken. Fig. 9D illustrates glue penetration 
where the cell cavities were exposed to the glue-spread surface. 
This is the only penetration that occurs other than into the mi- 
nute porous irregularities of the wood surface which are opened 
on the surface by the various methods of machining. 


ADHESION THEORY 


In 1925, the Adhesive Research Committee of the Department 
of Scientific and Industrial Research, London, England, under- 
took an investigation into the nature of adhesion. As a result 
of its work several contributors® have classified joints as (1) spe- 
cific and (2) mechanical. The specific joint is that type which 
results when smooth surfaces such as those of metals, are joined; 
the mechanical type, in contrast, is produced when glue, through 
pressure, is squeezed into the depressions and minute cavities of a 
surface and forms projections and tentacles as it hardens. By 


6 “Adhesives and Adhesive Action,’’ by J. W. McBain and D. G. 
Hopkins, Journal of Physical Chemistry, vol. 29, 1925, p. 199. 
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this reasoning, it would appear that, in their opinion, the strength 
of a glue wood joint was due to the resistance by which such 
projections oppose the action of a shearing force. On the other 
hand, the smooth metal surface offered no such resistance and 
such opposition to shear must be considered to be due to specific 
attraction between the metal or wood molecules and those of glue. 

Since the results obtained in this investigation coincide with 
those of previous investigators,’ the author agrees that (1) the 
thicker the seam the weaker the bond, and (2) if glue is not 
present in sufficient amount to fill the spaces between two sur- 
faces, the joint is weak. He also wishes to state that the more 
irregular the glue film the weaker the bond. 

The conditions as recorded should be kept in mind when the 
photomicrographs of the five types of glue seams discussed pre- 
viously are subjected to re-examination. The discussion that fol- 
lows pertains chiefly to the relationships that exist between the 
glue and surfaces of varying roughness. 

Fig. 7A indicates that, when planed surfaces are glued, the 
adhesive forms a film of uniform thickness. 

Fig. 7B illustrates a sanded surface and the manner in which 
the glue is distributed throughout the striae left by the sanding 
operation. It is obvious that enough of the adhesive is present 
to fill all the cracks and crevices. The nature of the failure be- 
tween the glue and wood indicates that such a striated surface 
does not permit of the formation of as even a film and hence 
of as strong a bond as is true for planed surfaces. The sawed 
type shows this to an even greater degree, Fig. 7C. 

Fig. 7D reveals that, although the glue film between the burn- 
ished surfaces is uniform, a desirable feature, the presence of 
charred wood on the surface results in poor adhesion. This is 
the reason that, in this series of illustrations, the glue film is 
shown separated from the wood. 

The illustration of a combed or tooth-planed joint exhibits a 
very irregular glue line and an area devoid of glue. 

The deductions made by the author, as a result of the critical 
examination of these photomicrographs, and others not pre- 
sented, led him to a further investigation of the effect of glue- 
film thickness on the strength of a joint in shear. The side 
strips taken from the glued assemblies served as material for the 
following investigation: 

The thickness of the glue film was measured in each strip. 
The figure obtained was assumed to indicate accurately the 
thickness of the film in the corresponding shear block for which 
shear data were available. The curve, Fig. 10, demonstrates the 
relationship that exists between the thickness of a glue film and 
the shear strength of a joint. It should be noted that the 
strength diminishes rapidly to a point where the glue-film thick- 
ness approaches 80 microns (0.0032 in.), beyond which it is 
relatively stable. 

The explanation of this phenomenon, that a bond in a joint 
can be 200 to 1000 lb stronger than the glue itself, should be 
sought.2 Why the curve, as shown, changes abruptly several 
hundred pounds above the shear strength of the glue is intriguing; 
evidently it is the result of a factor as yet not understood. 

In the past, investigators have avoided the discussion of this 
phenomenon. The emphasis in their studies has been rather 
on the nature and importance of specific adhesion, respectively. 
Solution of the problem projected would undoubtedly entail a 
study of the molecular forces that are responsible for the adhesion 
that exists between glue and wood. It may be that glue mole- 
cules have a greater attraction for wood molecules than for kin- 
dred glue molecules. Yet, according to chemists, a synthetic resin 
such as urea formaldehyde is actually a lone molecule that has 

7 “Adhesives and Adhesion,’”’ by J. W. McBain and W. B. Lee, 


Journal of Physical Chemistry, vol. 31, 1927, p. 1675. 
* Shear strength of glue was 2880 psi. See Fig. 10 at 2880 psi. 
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resulted from the polymerization of many smaller molecules. 
Reasoning thus, there is but one molecule of glue between the 
surfaces of a two-membered assembly and such a molecule is 
flanked on either side by innumerable wood molecules. It may 
be that the wood molecules are attracted by the outer bonds of 
the glue, which are free. Such free bonds are thought to exist 
because the number of urea and formaldehyde molecules which 
may enter into the formation of a lone molecule through poly- 
merization is indefinite. 

Further study of the nature of adhesion «is imperative if the 
present procedures in bonding wood to wood, wood to metal, 
or any other combination of these are to be improved. It 
is hoped such investigations may be initiated in the near future. 


CoNCLUSIONS 


1 Only minimum pressure would be necessary if optically 
smooth surfaces could be prepared for wood; just enough to 
squeeze the glue line down to a thin continuous layer. 

2 Relatively smooth surfaces (planed) result in the strongest 
glue joints. 

3 Splintery surfaces (sanded and sawed) provide poor anchor- 
age for glue and should be avoided. 

4 Weaker joints also result from splintery and irregular 
surfaces because they do not mesh well, hence the glue film is 
less even, and thicker. 

5 Burnished surfaces, although smooth, do not produce good 
joints because of charring. 

6 Cold-setting urea-formaldehyde glue does not penetrate 
into hard maple wood, except into those cells the cavities of 
which are open to the spread surface. 

7 “Specific adhesion” and ‘‘mechanical adhesion” are largely 
responsible for the adhesive strength between glue and wood.” 
Another phenomenon as yet unexplained requires further research. 
Why does a thin glue film result in a joint of greater shear strength 
than the shear strength of the glue itself? 
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By M. J. MANJOINE,! EAST PITTSBURGH, PA. 


This paper describes two new creep-rupture machines. 
One combines eight conventional lever-arm creep ma- 
chines into a single unit but with individual furnaces, 
- controls, and recording equipment. The elongation of 
each test specimen is indicated by a revolution counter 
_ and can be read directly. The indicating counters for the 
eight specimens are brought to a single panel and photo- 
graphed periodically to obtain a continuous record of the 
creep. The counters are driven by new extensometers 
which are attached to the test specimens. Two types of 
extensometers are used; one which gives readings over a 
53-in. gage length in hundred thousandths of an inch for 
measuring small strains up to 2 per cent total strain, and 
a second extensometer which records in ten-thousandths 
inch for strains up to rupture. The second is a screw- 
_ driven creep-rupture machine in which the specimen is 
loaded through a stiff spring. A continuous elongation- 
time curve up to rupture is automatically recorded with- 
out the need of an extensometer on the test specimen. 
The machine has a capacity of 10 tons and occupies a 
floor space of only 15 X 15 in. It can also be used to make 
short-time tensile, constant-strain-rate, and relaxation 
tests. The latter test requires the use of an extensometer 
on the gage length of the test specimen. To illustrate the 
satisfactory operation of these machines, the results of 
creep-to-rupture tests on a cast 25 Cr 12 Ni alloy are pre- 
sented. The data from these tests are summarized in 
“design curves” which serve to describe the behavior of a 
material at a given temperature. 


INTRODUCTION 


ment of alloys for high-temperature service, bringing about 

the need for new testing equipment. While the most uni- 
versally accepted method for testing high-temperature alloys is 
the long-time creep test, short-time tensile tests (1)? are also 
widely used. More recently the constant strain-rate (2, 3) and 
the relaxation tests (4, 5) have been used to advantage as a rapid 
means of testing and comparing alloys. Some investigators 
(6, 7) have suggested that the service life of a high-temperature 
alloy be based upon a certain amount of deformation without 
rupture rather than on a given total deformation alone, such as 
1 per cent in 10,000 hr, or on an allowable creep rate. These 
investigators have used the sustained-load rupture test to test 
and compare alloys. 


L recent years great progress has been made in the develop- 


1 Research Engineer, Westinghouse Electric and Manufacturing 
Company. Jun. A.S.M.E. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Metals Engineering and Applied Mechanics 
Divisions and presented at the Semi-Annual Meeting, Pittsburgh, 
Pa., June 19-22, 1944, of Tum AmerIcAN Society or MECHANICAL 
ENGINEERS. 

Notre: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
-of the Society. 


111 


The machines described in this paper were designed at the 
Westinghouse Research Laboratories to test alloys developed for 
high-temperature furnaces and other applications. Since the 
allowable strains may be rather large, the creep-to-rupture test 
was selected as the most suitable means of evaluating the alloys 
used in furnace constructions. 


CREEP-RUPTURE MACHINES 


In a creep-rupture test, a specimen is held at a constant load 
and temperature and allowed to elongate until rupture occurs. 
At high loads rupture may occur in a few hours while at a some- 
what lower load the rupture time may extend to a few thousand 
hours. Since the time to rupture may vary over this wide range, 
two types of testing machines were designed, one for the long tests 
and the other for the shorter tests. The testing machine for the 
longer tests will be referred to as the lever-arm creep machine 
while the other will be called the screw-driven creep-rupture 
machine. 

Lever-Arm Creep Machine. In the lever-arm creep machine, 
shown in Figs. 1 and 2, the specimen is loaded through a lever arm 
with weights. The specimen is attached by means of threaded 
heads to extension pieces which project out of each end of the 
furnace. The lower extension piece is anchored to the frame with 
a spherical seat and the upper extension piece is attached to the 
horizontal lever arm. Load is applied to the specimen by placing 
weights on the hanger at the end of a lever arm having the ratio 
20 to 1. The maximum load which can be put on the hanger is 
600 lb, giving a stress of 60,000 psif or a standard 0.505-in-diam 
specimen, Four separate specimens are mounted in a common 
frame. 

Each specimen has a separate electric furnace and power supply. 
The temperature of the furnace is controlled by an expansion fod 
located near the furnace winding. The difference in expansion of 
the rod in the furnace and an invar rod located outside the furnace 
wall is magnified by a 10-to-1 lever arm and used to operate an 
electric contact which controls the current in the furnace wind- 
ing. An electronic control, Fig. 3, is used so that no contact pres- 
sure is necessary at the contacts. The average temperature can 
be held to within +2 deg F. 

The standard creep specimen is shown in Fig. 4. The coupon 
on the end of the specimen is used for metallurgical studies. This 
coupon is cut into two parts. One part is retained as a sample of 
the material ‘‘as received.”’ The other part is placed in the furnace 
with the specimen from which it was cut and undergoes the same 
temperature cycle; it is then studied to determine the effect of 
the temperature cycle on the material without stress. After the 
test a micrograph of a section of the specimen and the specimen 
itself are studied to determine the effect of stress, time, and ex- 
posure to temperature. 

In designing this machine two types of tests were anticipated: 
(a) the creep test under a large constant load in which the speci- 
men would be strained to rupture, and (b) the creep test under a 
comparatively small constant load in which the specimen would 
elongate less than 2 per cent total strain. To satisfy the require- 
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Fic. 1 Lrvyrer-ArmM Creep MacHIne 


Fic. 2 Lrver-Arm Crepe MacHINE 


ments of each type of test, two kinds of extensometers were built, 
a ‘‘creep-rupture” extensometer and a ‘‘sensitive’’ extensometer. 

The creep-rupture extensometer is shown at the left in Fig. 5, 
and at the right in Fig. 6. The extension is measured from the 
heads of the specimen because the gage length undergoes con- 
siderable reduction of area when the test is carried to rupture, and 
therefore an extensometer cannot be clamped to the gage length. 
Since there may be some plastic flow at the fillet, the extension 
measured at the heads must be corrected to give the actual strain. 
This correction is found by putting an extensometer on the gage 
length and on the heads to find the ‘‘effective gage length” of the 
specimen. The effective gage length is the ratio of the deforma- 
tion measured at the heads to the strain in the gage length. The 
extensometer is attached to the heads of the specimen by pins 
(see Figs. 5 and 6). Holes are drilled through the heads of the 
specimens for these pins which are about 0.1 in. diam. The 
comparison rods extend from the pin clamps out of the furnace 
and terminate in steel plates. The two plates are kept in the 
same relative sidewise position by a set of flat springs, as shown 
in Fig. 6. The comparison rods are made of a high-temperature 
alloy which has good dimensional stability at the temperature 
used. The movement caused by bending of the specimen or non- 
axial loading is taken up by the two pins and the reduced sections 
of the rods which are at right angles to the pins. 
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As the specimen elongates, the heads and plates separate an 
equal amount. The creep is therefore found by measuring the 
relative displacement of these plates with a motor-driven microme- 
ter. To indicate the amount of extension or creep, a revolution 
counter is coupled to the micrometer-screw drive through a 
flexible shaft. To make the recording continuous, one electrical 
contact from the control is mounted on the upper plate and the 
other contact to the micrometer screw which is held in the lower 
plate. When no elongation takes place, the contacts are closed 
and the motor which drives the micrometer is stopped. As the 
specimen elongates, the contacts separate; this causes the motor 
to start and drive the micrometer until the contacts are closed. 
In this manner the micrometer follows up the creep of the speci- 
men. The electronic control is shown in Fig. 3. Because of this 
control no pressure is necessary on the contacts. The micrometer 
screw is driven through a special gear drive, as shown in Figs, 5 
and 6. The counter coupled to the gear drive reads in ten- 
thousandths of aninch. For the 3-in. gage length of the standard 
specimen (Fig. 4), this gives a least count for the extensometer of 
3.3 X 10-5 in. per in. ; 

The sensitive extensometer is shown on the right in Fig. 5 and 
on the left in Fig. 6. Since the strains are less than 2 per cent, 
this extensometer can be clamped to the gage length, Fig. 6. The 
pins are replaced by short wires from the clamps to the plates 
which carry the rods. In this extensometer the movement of the 
plates which hold the comparison rods is magnified by a 10-to-1 
lever arm. This magnification is accomplished through a double 
cross-spring pivot which serves both to magnify the motion and 
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to maintain the alignment of the plates. This pivot is very rugged 
and allows considerable mishandling without changing the cali- 
bration of the lever arm. However, because of the limited travel 
of the lever arm, this extensometer cannot be used for specimens 
which rupture. The electrical contacts are now placed on the 
lever arm and on the micrometer screw which is fastened to an 
extension of the lower plate. Either a motor-driven, Fig. 5, or a 
hand-driven micrometer, Fig. 6, can be used. When the motor- 
driven micrometer is used, the recording counter reads in hun- 


dred-thousandths of an inch or 3.3 X 10~$ in. per in. for a 3-in.’ 


gage length. The same least count can be obtained when the 
hand micrometer is used. 

Eight of the lever-arm creep machines are assembled into a 
single unit. Illustrations of two of these units are shown in Figs. 1 
and 2. Each specimen has its own furnace, recording, and con- 
trol equipment. The electronic controls for the strain and 
temperature regulation are housed in the cabinets on the lower 
shelf of the machines. The eight counters which indicate the 
creep for the extensometer are brought to a single panel at the 
middle of the two machines. Another counter on the panel 
indicates the time. The camera at the middle of the unit is a 
motion-picture camera which takes a single-shot exposure of the 
counters every 4hr. This camera film gives a continuous record 
of the creep of each specimen with time. 

Above the camera is a thermocouple switch into which three 
thermocouples from each specimen can be plugged. The tem- 
peratures are read on a potentiometer by stepping from one 
thermocouple to the next. The stepping is done by remote con- 
trol at the potentiometer. One thermocouple from each speci- 
men is brought directly to the eight-point recorder shown at the 
extreme left in Fig. 2, for a permanent continuous record. The 
panel to the right of the temperature recorder contains a separate 
variable power supply for each furnace. The pilot lights at the 
top of the panel indicate if the furnace is heating. 

Since some of the specimens elongate until rupture occurs, a 
contact is placed on a support beneath the weights of each ma- 
chine so that the extensometer is shut off when the specimen 
breaks and allows the weights to fall on the support. As a check 
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on each test, daily readings are also taken of the counters and the 
thermocouples. 

Screw-Driven Creep-Rupture Machine. In the shorter creep- 
rupture tests, the specimens elongate to rupture in a few hours. 
In these tests, the loads and strains are much larger than those of 
the creep tests. Since the tests are so short, readings of the 
elongation must be made every few minutes. To avoid these 
many readings, a machine was developed which automatically 
records the elongation of the specimen against time from start of 
test until rupture occurs. Since the strain is much larger in this 
short test, a less sensitive measurement can be used. 

The machine is shown in Fig. 7 and consists of a stiff spring A 
in series with the test specimen B, which is loaded by a screw- 
driven jack C. The load is maintained by keeping a constant 
deflection of the spring A. The deflection of the spring is meas- 
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ured by a dial gage to which an electrical contact has been added. 
This electrical contact controls the motor which drives the jack 
to keep the load constant. The deformation of the test specimen is 
measured from the relative motion of the upper head of the 
machine and the stationary frame, that is, through the rise of the 
jack. This motion is magnified through a gear train and drives 
the pen of the recorder D vertically. A time clock # drives the 
pen horizontally. The recorder therefore plots a continuous 
elongation-time curve. The accuracy of this measurement of 
elongation depends upon the following conditions. 

Since the load and temperature are held constant, the thermal 
and elastic deflections of the entire system are fixed. Therefore, 
the relative motions of the heads of the machine (the movement 
of the jack) are caused by the plastic flow of theparts of the system 


which consist primarily of the extension pieces and the specimen. 
The cross-sectional area of the extension pieces in the hot zone of 
the furnace is over 4 times that of the gage length. 

An inspection of the stress versus creep-rate curve, Fig. 
12, will show that the creep rate in the extension pieces will be 
less than 0.01 per cent of that in the gage length. There are, 
however, parts of the specimen in which the stress is nearly as 
large as that in the gage length; these parts are the threads, 
heads, and fillets. The average stress in the minimum cross 
section in the threads is two thirds that of the gage length, and 
the stress at the heads is one half. The relative creep rates 
are, respectively, 2 per cent and 0.3 per cent that of the gage 
length (see Fig. 12). Because of the length of these parts, the 
relative plastic flow is much smaller. The largest plastic flow 
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outside the gage length takes place in the fillets. This flow, how- 
ever, is nearly counterbalanced by the reinforcing effect of the 
heads. In order to compensate for the plastic flow outside the 
gage length, an ‘‘effective gage length’’ must be determined for 
each shape of specimen. This effective gage length is found by 
comparing the relative motion of the heads of the machine with 
the strain of the gage length, as follows: 


Relative movement of machine heads 


Bee ence eueth — Elongation of gage length per inch 

The relative movement of the machine heads is the movement 
of the jack and is measured by the recorder. The elongation of 
the gage length is found by clamping an extensometer to the gagé 
length. It has been found that the effective gage length depends 
primarily upon the shape of the test specimen and varies only 


_ slightly from alloy to alloy. Thus knowing the effective gage 


length of the test specimen, the strain of the gage length can be 
measured by the recorder without an extensometer on the gage 


* length, and a continuous record of strain can be plotted against 


time. At the instant of rupture of the specimen, the machine is 
shut off by a control circuit which passes through the test speci- 
men. In this manner the strain at rupture is more accurately de- 
termined than can be measured by matching the broken halves of 
the specimen. 

The machine occupies a floor space of only 15 & 15 in. but has 
a capacity of 10 tons which gives a stress of 100,000 psi for the 
standard 0.505-in-diam specimen. 

To measure small loads as well as large loads, a special two- 
range spring is used which consists of two parallel beams cut from 
a single block of steel (see A, Fig. 7). When the lower beam is 
loaded, it deflects toward the second beam. At a load of about 
4000 lb, it reaches the second beam, and then both beams carry 
the higher loads up to 20,000 lb. The flexibilities of the two 
beams are such that the dial gage makes a full revolution for each 
range. 

The advantage of this machine lies in the fact that no extensome- 
ter is necessary on the specimen for creep-rupture tests, so that 
the only parts protruding from the furnace are the thermo- 
couples and the extension pieces. No weights are necessary, and 
the rate of initial loading can be controlled. 

A group of six of these machines is shown in Fig. 8. The 
temperature controllers are shown in the stand at the extreme 
left. Commercial controllers are used to short a resistance in 
series with the furnace. These controllers keep the temperature 
within +5 deg F. The dial of a stepping relay is shown at the 
bottom of the stand. Three thermocouples from each machine 
are brought to this relay, and individual readings can be made on 
a potentiometer. A six-point recorder is used to keep a continu- 
ous record of the temperature of each furnace. This recorder is 
placed at the top of the stand but was not installed at the time 
this view was photographed. : 

The recorded curves obtained from these machines have been 
very satisfactory. Two typical original curves plotted by one of 
these machines are shown in Fig. 9. The upper one presents a 
creep-rupture curve of a very ductile alloy. This alloy shows no 
first-stage creep. The transition point? is indicated. The ripple 
in the curve is caused by the screw which drives the pen and not 
by fluctuations of temperature or load. This ripple has been 
eliminated by straightening the drive screw. Minimum creep 
rates as low as 10~® per hr and as high as 0.1 per hr have been re- 
corded. Normally stresses are used which give rupture lives 
greater than 10 hours and less than 400 hrs. The lower curve 
shows a creep-rupture curve of a less ductile alloy. This curve 


3 Defined as that point in the third stage of creep at which the 
creep rate has increased 10 per cent over the minimum rate. 
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has all three stages of creep. The first stage, or period of dimin- 
ishing creep rate, is very short and is followed by a second stage 
where the rate is substantially constant. In the third stage, the 
rate increases until fracture occurs. The transition point is in- 
dicated at the start of the third stage. 

Because of its simplicity and ease of operation, this machine 
has been used to compare alloys, to check the effect of heat-treat- 
ments, and to obtain creep-rupture data in the stress range 
which gives rupture lives from 1 to 300 hr. 

Although the machine was designed for creep-rupture tests, 
other applications have been made. The machine can readily 
be used for constant-strain-rate or short-time tensile tests and 
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for relaxation tests. For constant-strain-rate and short-time ten- 
sile tests, the machine is run at a constant head speed and 
periodical readings are made of the load and strain. In a re- 
laxation test, the extensometer, shown at the left in Fig. 6, is 
clamped to the gage length of the test specimen and the specimen 
is loaded. The total strain is then kept constant by setting the 
extensometer and using the control to regulate the load so that 
the extensometer contacts are kept in a fixed position. When 
plastic strain occurs in the specimen, the load must be lowered to 
decrease the elastic strain, thus keeping the total strain con- 
stant. The recorder in this type of test plots the decay of the 
load with time. 


Trst RESULTS 


To demonstrate the types of tests made on the two machines 
described, a high-temperature alloy was chosen. Tests were made 
in which the time to rupture varied over a wide range. The alloy 
selected is a cast 25 Cr 12 Ni iron-base alloy. This alloy is used 
for high-temperature parts in electric furnaces. Since such parts 
as baffles and trays are serviceable even after considerable plastic 
flow, the rupture life becomes an important limitation on the 
service life. The creep curves for the lower stresses are given 
in Figs. 10 and 11, for tests at 1200 and 1500 F, respectively. 

For purposes of direct comparison among alloys, the stresses 
used in the creep-rupture tests are taken from the 10 series of pre- 
ferred numbers. The minimum rate of the creep-time curve is 
used as a comparison between alloys and also as a means of pre- 
dicting the deformation at very low stresses. Stress is plotted as 
a function of minimum creep rate u and is shown in Fig. 12. 

A second method of representing the family of creep-rupture 
curves on a particular alloy at a given temperature is given by 
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the ‘‘design curves” (Figs. 13 and 14). In the ‘‘design curves” 
stress is plotted against the logarithm of time for several points of 
the creep-time curve. The following points are used: (a) 0.2 
per cent, 0.5 per cent, and 1 per cent total strains; (0) the ‘‘transi- 
tion point;” and (c) the rupture point. On this latter curve the 
total strain is shown adjacent to the test point. 

The transition point is a measure of the useful life of an alloy 
and is defined as that point of the creep-time curve, in the third 
stage of creep, at which the creep rate has increased by a given 
percentage greater than the minimum rate. The allowable per- 
centage increase depends upon the application. 

In these curves the transition point represents the point at 
which the rate has increased 10 per cent over the minimum rate. 
An example of this point is shown in Fig. 10. From the design 
curves, the engineer can readily choose the stress for a given serv- 
ice life. 

Since the curve for the transition point is practically parallel 
to the rupture curve, the long-time tests can be stopped when the 
transition point is reached and many hours of testing time can be 
saved. 


CoNcLUSIONS 


Two new creep-rupture machines have been described. One, a 
lever-arm creep machine, combines the compactness of a multiple 
unit with the flexibility of an individual one. Each of the eight 
specimens of the machine is equipped with an extensometer which 
gives a direct reading of the extension on a counter. A continu- 
ous record of the elongation of all the specimens is made by 
photographing these counters periodically. Two types of ex- 
tensometers are used; one which gives readings in hundred- 
thousandths of an inch for measuring small strains up to 2 per 
cent, and a second which records in ten-thousandths of an inch 
for strains up to rupture. 

The other machine is a radically different type of creep-rup- 
ture machine which loads the specimen through a stiff spring and 
records a continuous creep-to-rupture curve without the use of an 
extensometer on the specimen. Occupying a space of only 15 X 
15 in., this machine has a capacity of 10 tons. It can also be used 
for making short-time tensile tests, constant-strain-rate tests, 
and relaxation tests. 
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Some Thermal Effects in Oil-Ring 


Journal Bearings 


By R. A. BAUDRY,! EAST PITTSBURGH, PA. 


This paper discusses the design of oil-ring journal bear- 
‘ings from the thermal standpoint and gives a method for 
predetermining the operating temperature of air-cooled 
and water-cooled bearings. It is shown that at high tem- 
peratures the performance of a ring-lubricated bearing 
has a tendency to become unstable. The design features 
of a high-speed water-cooled and a forced-ventilated bear- 
ing are given. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
a = area, sq in. 

= axial length of bearing surface, in. 
journal-bearing diameter, in. 
coefficient of friction 
minimum oil-film thickness, in. 
coefficient of heat transfer, watts per sq in. per deg C 
developed length of bearing surface, in. 
length of heat path, in. 
revolutions per minute 
= unit bearing pressure on projected area, psi 
= quantity of cooling liquid, gpm 
= peripheral velocity of journal, ips 
= leakage factor 
= temperature, deg C 
= side leakage, cu in. per sec 
8.U.V. = viscosity, Saybolt Universal 

Z = oil viscosity, centipoises 

mn = radial clearance, in. 

p = specific thermal resistance, deg C per in. per watt 
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INTRODUCTION 


Because of its simplicity and reliability, the oil-ring journal 
bearing is used on most of the rotating electrical equipment 
built today, and much effort is spent to improve its performance 
and extend its range of application. 

The satisfactory performance of this type bearing is usually 
judged by its ability to dissipate the heat generated by the inter- 
nal friction of the lubricant. 


OPERATING TEMPERATURE 


The predetermination of the operating temperature of the 
bearing involves two distinct problems: 

1 Calculation of the friction losses. 

2 Calculation of the thermal resistance to the flow of heat 
from the oil film to the cooling medium. 

For many years numerous tests on various types of bearings 
have been conducted in research laboratories (1, 2).2_ These tests, 


1 Mechanical Engineer, Westinghouse Electric & Manufacturing 
Company. Mem. A.S.M.E. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by Special Research Committee on Lubrication and 
presented at the Annual Meeting, New York, N. Y., Noy. 27—Dec. 1, 
1944, of Taz AMERICAN Socipty ofr MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


with the help of theoretical work (8, 4, 5, 7, 9), published in recent 
years, make it possible to predetermine with a reasonable ac- 
curacy the performance of journal bearings. 

The coefficient of friction of a bearing is usually given as a 
function of the characteristic number ZN /P, as shown in Fig. 1, 
which is discussed in Appendix 1. 
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A convenient way of analyzing the performance of a bearing 
is to plot the friction loss for a given load and speed as a func- 
tion of the oil-film temperature, as shown in Fig. 2, for oils having 
viscosities of 150, 200, and 300 S8.U.V. at 100 F, respectively. 
The friction losses decrease with rising temperature until condi- 
tions corresponding to the critical value of ZN /P are reached, 
then they increase rapidly as shown in dotted lines in Fig. 2. 

The heat dissipated from the bearing can also be plotted as a 
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straight-line function of the bearing-surface temperature inter- 
secting the temperature axis at the temperature of the cooling 
medium, which in this case is air. The siope of this line is 
determined by the thermal resistance to the flow of heat through 
the bearing as discussed in Appendix 2. The intersection of the 
curves, representing the friction losses and heat dissipation, 
indicates the operating temperature of the oil film and gives the 
friction losses for the specified condition. 

Critical Operating Temperature. It is seen that with the light 
oil, when the temperature of the cooling air attains 34 C, the 
critical ZN/P for this particular bearing is reached, and at 
higher temperature it will operate under condition of boundary 
lubrication. When the temperature of the cooling air reaches 
45 C, the two lines do not intersect any more, and the friction 
losses increase faster than they can be dissipated from the bear- 
ing. There exists therefore an unstable condition which will 
cause seizure of the bearing. At this temperature only the heavy 
oil will give a sufficient factor of safety for this bearing. Further- 
more, the increase in operating temperature with the heavy oil 
is relatively small. 

Critical Starting Temperature. Most bearings used with elec- 
trical machines remain under constant pressure during the start- 
ing period, and for a short time during that period they operate 
under condition of boundary lubrication. The journal becomes 
supported on a perfect oil film at a speed which makes the char- 
acteristic number ZN /P larger than its critical value. The speed 
corresponding to this critical value varies with the temperature 
and viscosity of the oil, as shown in Fig. 3, which has been 
plotted for a 6 X 12 bearing loaded to 150 psi, having a critical 
value of ZN /P equal to 50. 

At the beginning of the starting period, there will be an appre- 
ciable temperature rise of the bearing surface due to the high 
coefficient of friction corresponding to boundary lubrication, 
as shown in Fig. 3 by the line intersecting the temperature axis 
at the starting temperature. At low temperature this effect is 
very small but it becomes larger with increasing temperature 
until a point is reached at which a perfect oil film cannot be 
formed before normal speed is attained. This is shown in Fig. 3 
for a light oil and a starting temperature of 65 C. With this 
temperature the heavy oil will permit formation of a perfect oil 
film before the normal speed is reached. 

This critical condition indicates the necessity of starting a 
bearing under load at a conservative temperature and of select- 
ing an oil of sufficient viscosity to meet the starting conditions. 


CRITICAL O1L SuPPLY 


The maintenance of a perfect oil film necessitates an adequate 
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supply of oil which under all operating conditions must be 
greater than the oil lost through side leakage (1, 10). 

The side leakage of the large water-cooled bearing, described 
later in this paper, has been plotted as a function of the bearing 
temperature in Fig. 4 according to the data given in Appendix 3. 
It shows a slight increase of the oil requirements with increasing 
temperature. 
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The oil supplied by oil rings has been the subject of several 
investigations (1, 10), which show a rapid decrease in the quan- 
tity supplied with an increase in temperature of the oil. The oil 
delivery, which is also shown in Fig. 4, was obtained from tests 
on a full-size model described in a previous paper (11). Itis seen 
that above a temperature of 85 C there is not a sufficient quan- 
tity of oil supplied to maintain a perfect oil film; this will result 
in a thinner oil film, higher friction losses, and higher bearing 
temperatures, which in turn will cause a further decrease in oil 
delivery and a rapid failure of the bearing. 

This critical operation of an oil-ring bearing at high tempera- 
ture makes it necessary to provide an ample supply of oil in 
order to place the critical point beyond the normal operating 
temperature. 


WATER-COOLED BEARINGS 


An effective way to dissipate the friction losses from a bearing 
is to circulate water through ducts in the bearing shell. Many 
types of such bearings have been used, among which the most 
common is a cast-iron shell with water passages, or a conventional 
shell with a copper cooling tube embedded in the babbitt. 

The friction losses for a large water-cooled oil-ring bearing 
are given in Fig. 5, as a function of the average oil-film tempera- 
ture. For the speed at which this bearing operates, there is an 
appreciable difference in temperature between the oil film and the 
bearing shell which can be estimated as shown in Appendix 3 
and used to plot the temperature of the bearing surface as a 
function of the friction losses. As in Fig. 2, the heat dissipated 
from the bearing is proportional to the difference in tempera- 
ture between the bearing surface and the cooling water. This 
relationship can be represented by a straight line, the inter- 
section of which with the bearing-surface-temperature curve 
indicates the operating temperature, as shown in Fig. 5, for several 
metals. 

The use of a copper cooling lining results in a much lower oil- 
film temperature than is possible with other metals. In Fig. 6 
is shown a copper lining for the large water-cooled bearing shown 
in Fig. 7. It is made of rolled copper plate into which holes have 
been drilled for the water passages. This lining is fastened to a 
heavy steel shell by a number of bronze screws, and covered 
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at approximately 4000 fpm peripheral speed. For lower speeds, copper shell, but at a lower cost. 
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Although water-cooling is a very effective way of cooling a 
bearing, water is not always available, and sometimes it becomes 
desirable to use an air-cooled bearing at higher speed than usual. 
In the conventional self-aligning oil-ring bearing, the largest 
resistances to the flow of heat from the oil film to the cooling air 
are at the joint between the bearing shell and the bearing hous- 
ing and at the outer surface of the bearing housing where heat is 
dissipated to the ambient air. In Fig. 8 is shown a fan-cooled 
motor where part of the air used to cool the machine is circulated 
around the bearing housing (Fig. 9), which is provided with fins, 
thus obtaining a large cooling area and a high heat-transfer rate. 
The self-aligning spherical bearing shell (Fig. 10) has a large con- 
tact surface with the bearing housing and heavy sections of 
metal in order to facilitate the heat flow. 

The thermal resistance of such a bearing can be calculated by a 
method similar to the one discussed in Appendix 2. The bearing 
shown in Figs. 8, 9, and 10 is 3 in. diam and operates continu- 
ously at 3600 rpm with a very low temperature rise. 


CONCLUSION 


With the use of available data the oil-film temperature of an 
oil-ring bearing can be predetermined with reasonable accuracy. 

At high temperature, the performance of an oil-ring bearing 
becomes unstable. Depending upon the design and accuracy 
of manufacturing, there are several critical temperatures: 

1, One at operating speed above which a steady temperature 
can never be reached. 

2 One when starting, above which a perfect oil film cannot be 
formed before normal speed is reached. 

3 One above which the oil rings supply less oil than required 
to maintain a proper oil film. 

All the foregoing critical temperatures when reached will cause a, 
continuous temperature rise of the bearing until failure results. 
An oil of higher viscosity increases slightly the temperature of the 
oil film but gives a larger margin between the operating and 
critical temperatures. 

By a judicious choice of materials and lubricants, it is possible 
to design an oil-ring journal bearing which will operate at high 
speed with a reasonable factor of safety. 


Appendix 1 


Friction LossEs 


The coefficient of friction of a bearing is usually given as a 
function of the characteristic number ZN /P, and of other varia- 
bles, such as the bearing angle, the clearance ratio, and the 
ratio length to diameter. For bearings of similar design, the 
coefficient of friction can be given as a function of only ZN /P, as 
shown in Fig. 1 for a 90-deg central partial bearing having an 
axial length equal to twice the diameter, and a clearance ratio of 
0.0015. The lower curve in Fig. 1, obtained experimentally on a 
test rig consisting of two half shells of a bearing, gives values 
which agree with the hydrodynamic theory of lubrication. How- 
ever, tests on large machines give consistently higher values, 
which are accounted for by the losses in the nonactive parts of the 
bearing, machining variations, deformations due to load and tem- 
perature, etc. These latter values of the coefficient of friction 
are shown on the upper curve in Fig. 1 and have been used to 
calculate the losses in the bearings discussed in this paper. 

As found by tests (12) at low values of ZN /P, the coefficient of 
friction deviates from the value indicated by conditions of perfect 
lubrication, it decreases with ZN /P to a minimum value and then 
increases rapidly. This critical value of ZN /P isa function of the 
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design of the bearing shell and manufacturing conditions; it can 
be brought down to a very low value by a sturdier design which 
minimizes distortion, accurate machining or fitting and running- 
in, ete. 

A critical value of ZN /P of 50 has been found for the experi- 
mental bearing in Fig. 1. To this value of ZN/P corresponds a 
minimum oil-film thickness of 0.0009. Since for a given value of 
ZN/P, the minimum oil thickness increases proportionately to 
the diameter of the journal, the critical value of ZN /P decreases 
with an increase in size of the bearing, as has been found by experi- 
ence. 

For this reason, a given critical value of ZN /P can be used to 
determine the performance of a bearing only if it has been ob- 
tained experimentally on the same size of bearing and under 
similar operating conditions. 


Appendix 2 


DISSIPATION OF Hrat From BEARING 


In a self-cooled oil-ring bearing, the heat generated in the oil 
film is removed by conduction through the bearing shell and by 
the oil circulated by the oil rings, some of which passes 
through the oil film as end leakage. The heat then flows through 
different paths, by both conduction and convection to the outside 
surface of the housing and then to the ambient air. The differ- 
ent factors determining the rate of heat transfer between oil or 
air and metals have been found experimentally (1, 13) and can be 
used to determine the thermal resistance to the flow of heat from 
the oil film to the cooling medium. The flow of heat through a 
bearing and its housing can best be represented by using the 
electrical analogy (14) which is used very successfully to deter- 
mine the temperature of electric machines. 

The flow of heat in solids can be represented in the same form 
as that for the flow of electricity. If there is a flow of energy w in 
a path of cross section a, the temperature variation over a length / 
is 


l 
t = wp- 
a 
where p is the specific thermal resistance of the material ex- 
pressed in deg C per in. per watt. 

The transfer of energy from a cooled surface by radiation and 
convection is a greatly complicated phenomenon, but for prac- 
tical purposes it is usually assumed that, for a flow of energy w 
across a surface of area a, the temperature difference between 
the cooled surface and the cooling medium is 


1 
=v 
a 


Where k is the coefficient of heat transfer expressed in watts 
per sq in. per deg C of temperature difference. 

When heat is removed by a cooling fluid circulated at a rate 
q, for a flow of energy w, the temperature rise of the fluid is 


Where @ is the temperature rise of a unit volume of the fluid 
corresponding to a unit flow of energy. 

When the flow of the fluid is expressed in gpm (gallons per 
minute), and w in watts, @ = 0.0038 for water, and 0.0095 for oil 
(for the average conditions obtained in bearings). 


j f tog NC) ; : 
The foregoing thermal resistances p - , roe can be combined in 
a ka q 
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parallel, in series, or in combination of both as electrical resist- 
ances and solved by the same methods. 

In a water-cooled bearing, the path for the flow of heat from the 
bearing surface to the cooling water is quite simple and can be 
determined graphically, as shown in Fig. 11, where the thermal 
resistance of the complete path is also given for several combina- 
tions of materials. 

For air-cooled oil-ring journal bearings, the path for the flow 
of heat is much more complicated, and the coefficients of heat 
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transfer between the various surfaces and oil or air have to be 
determined by tests duplicating operating conditions (1), as much 
as possible. 
The thermal-resistance network for a 6 X 12 bearing of conven- 
tional design is shown in Fig. 12, as well as the flow of heat 
through the different paths. 


Appendix 3 


AVERAGE TEMPERATURE OF O1L FILM 


With high friction losses, the temperature gradient through the 
thickness of the oil film becomes appreciable, i.e., it is 24 C 
through an oil film 0.001 in. thick for a rate of heat flow of 100 w 
per sq in. In a water-cooled bearing, most of the heat gener- 
ated in the oil film flows to the bearing surface and only a negli- 
gible amount to the journal. For moderate speed where the rate 
of shear and viscosity are nearly constant through the thickness 
of the oil film, the average temperature of the latter above the 
surface of the bearing is independent of the oil-film thickness (4, 
6) and equal to 


tdeg C = 1.29 X 10-* ZU? 


Example: For a peripheral velocity of 750 ips, and an oil hay- 
ing a viscosity of 10 centipoises at 70 C, the average temperature 
of the oil film will be 7.25 deg C above the temperature of the 
bearing surface. 
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Appendix 4 


Minimum O11-Fitm THIcKNEsSs AND END LEAKAGE 


The oil-film thickness and the flow of oil in a bearing of finite 
width have been investigated by many authors (1, 3, 7). The 
data they have published have been discussed in a previous paper 
(2) and used to plot the values of the side leakage and of the 
oil-film thickness given in Fig. 13, which are in reasonable agree- 
ment with experimental values (10, 15). 
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Effect of Aeration on Gear-Pump Delivery 
and Lubrication Ceiling 


By P. H. SCHWEITZER,! STATE COLLEGE, PA. 


Gear-pump delivery falls off with altitude and, above a 
certain point, it fails to provide the necessary engine lub- 
rication. By deductive reasoning, an equation has been 
developed for calculating the gear-pump delivery with 
aerated oil and also the “‘lubrication ceiling.’’ Charts are 
presented to show the effect on lubrication ceiling of (1) 
entrained air, (2) dissolved air, (3) pipe length, (4) pipe 
diameter, (5) tank height, pressure boost, valves, and ells, 
(6) oil viscosity, (7) pump speed. According to results ob- 
tained, a reduction of dissolved air and reduced pipe re- 
sistance between oil tank and pressure pump have rela- 
tively small effects on the lubrication ceiling. Effective 
ways to raise the ceiling are pressurizing the oil tank and 
reducing the pump speed. 


(EAR pumps have been used almost exclusively in aircraft- 
Gy engine lubrication systems and have given excellent 
service, except for difficulties experienced as a result of 
aeration, especially at high altitudes. A most common trouble 
caused by aeration is reduced pump delivery. It has been shown 
by Dolza? and Pigott? that aeration at high altitude markedly 
reduces the delivery of the gear pump. It has also been pointed 
out that small-diameter pipes, sharp bends, valves, and reducers 
in the suction line, in combination with entrained and dissolved 
air in the oil, are harmful, and adverse conditions are aggravated 
by such factors as high oil viscosity and high pump speed. 

The object of this paper is to enable the reader to predict gear- 
pump delivery with aerated oil under a variety of circumstances. 
A further object is to show how the “lubrication ceiling” is in- 
fluenced by a number of factors. 


No AERATION 


The gear pump is a positive-displacement pump, hence its 
delivery is constant except when the tooth space fails to fill up 
with liquid. However, even in an ideal gear pump, pumping 
liquid which is completely air and gas free, at a speed which as- 
sures that its rotors are completely filled, by reducing the inlet 
pressure progressively, a point is finally reached at which the 
liquid begins to vaporize. At that and lower pressures, cavita- 
tion sets in, and the tooth space will be filled partially with 
vapor. In consequence, below the cavitation point C in Fig. 1, 
the pump delivery decreases rather sharply, to become zero at 
zero absolute inlet pressure, when all of the tooth space is filled 
with vapor. 

In the foregoing, pump losses such as “‘back delivery”? and 
“slip” have been ignored. With an ordinary gear pump, such as 
shown in Fig. 2, there is an appreciable clearance volume between 


1 Professor of Engineering Research, Pennsylvania State College. 
Mem. A.S.M.E. 

2 “Correlation of Ground and Altitude Performance of Oil Sys- 
tem,’’ by John Dolza, presented at S.A.E. meeting, June 8, 1942. 

3 “Oil Aeration,’™by R. J. S. Pigott, S. A. #. Journal, March, 1944, 
pp. 73-84. 

Contributed by the Oil and Gas Power and Aviation Divisions and 
presented at the Annual Meeting, New York, N. Y., Nov. 27—Dee. 1, 
1944, of Toe AMERICAN SocieTY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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the teeth. The amount of liquid contained in that clearance 
volume is taken from the discharge side and delivered back to 
the inlet side. Therefore, the pump delivery will be that much 
less. The geometric displacement is defined as 


Vigooh== NED oe tees wien sate siete < + (1) 


where WN is the number of gear teeth on one gear, L the effective 
length of the gears, H the tooth area, consisting of (1/N) 
(D°r/4 — G), Do the outer diameter of the gear, @ the cross- 
sectional area of the gear, including the hub cross section. 
Referring to Fig. 3, borrowed from Pigott,‘ the tooth space 


4 ‘Some Characteristics of Rotary Pumps in Aviation Service,’ 
by R. J. S. Pigott, Trans. A.S.M.E., vol. 66, 1944, pp. 615-623. 
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Fie. 3 Tooto Spacr AND CLEARANCE VOLUME 


(Horizontal shaded area represents tooth space; vertical shaded area repre- 
sents clearance volume.) 


corresponds to the horizontally shaded area H, the clearance 


volume to the vertically shaded area V. The back delivery B 
can then be expressed as 


and the gear-pump delivery as 


Q = n(Ve5co— B) = n2NL (x = yf) A Seen [3] 


in cubic inches per minute. 
It is convenient to express the gear-pump delivery in the form 
of volumetric efficiency 7, defined as 


Q/n 
See nan GERM EEERS FEaaCLEhS: 4 
ole a [4] 
with which 
V Via 
= ]— = jl eet WOES fendi os Gap eters 
n a oH [5] 


This permits the gear-pump delivery to be predicted by plani- 
metration. If V/H = 0.2, the pump delivery will be reduced 
(due to back delivery) by 10 per cent. 

Slip also reduces the pump delivery. Slip is the leakage of 
the liquid past the periphery, the face and the shaft of the gears. 
Slip is naturally dependent upon the machining clearances, the 
pressures, the liquid viscosity, and rotative speed. In aviation- 
type gear pumps, delivering lubricating oil, the slip is of the order 
of 3 per cent of the delivery but, under unfavorable conditions, 
itmay bemuchmore. In Fig. 4, the effect of slip is shown by the 
dash-dot line, which is drawn 3 per cent below the delivery line 
as already reduced by the clearance. 

The cavitation point Cin Fig 1 was related to the absolute inlet 
pressure. What really controls the cavitation, as well as aera- 
tion, is not the inlet pressure as it is measured at the pump flange 
but the pressure existing in the tooth space, Fig. 2. If there is 
neither a pressure drop between the pump entrance and the 
tooth space nor a pressure rise due to leakage from the discharge 
side, then the tooth-space pressure is equal to the pump-flange 
pressure, but ordinarily the former is lower. There are numerous 
losses in pressure resulting from the entry of the liquid into the 
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gear pump, the most important ones belonging to the following 
three categories: ’ 

1 Impact loss in the pump housing, due to changes in the cross 
section and direction of the flow, varies with the square of the 
flow quantity and can be calculated by the known hydraulic 
formulas. According to Pigott, the impact loss may be ex- 
pressed as 


Apj=0,00G108 pro a0. Yemen rae [6] 


where p for 180 deg S.A.E. 60 oil is 52.44 lb per cu ft and varies 
only slightly with the temperature. 

° 2 Centrifugal loss: For entering the tooth space the liquid 
has to overcome the centrifugal force, which, as was shown by 
Dolza,? amounts to 


1 ‘ 
Pe = 5 2/0: (Ie 2 72) ee teen cicrola ee [7] 
where w = angular speed of gear, radians per sec 
r = root radius, in. 
R = addendum radius, in. 
p = mass density of liquid, lb in.~¢ sec? 
p- = centrifugal pressure upon liquid, psia 
m2 
The product w? p happens to be close to TaateiGe lubricating 


oil. 
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Fic. 4 Gerar-Pump Devivery; Errecr or CLEARANCE AND SLIP 

3 Acceleration pressure loss: This is spent on raising the 
velocity of the liquid from pump-flange velocity to peripheral ve- 
locity of the pump gear. If the liquid did not have a velocity 
equal to the gear tip when it is picked up, the liquid column 
would break and cavitation would set in. The acceleration 
pressure loss can be expressed as 


where p is the mass density of liquid (Ib in.~‘ sec?), », = Rw the 
gear-tip velocity, and vy the pump-flange velocity, both in in. 
per sec. 


5 ‘Preliminary Calculations on Air-Oil Performance of Spur-Gear 
Pumps,” Gulf Research and Development Company Report KG-00 
of April 13, 1942, and Supplement File KG-00-I, of Jan. 17, 1944. 
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SCHWEITZER—EFFECT OF AERATION ON GEAR-PUMP DELIVERY 


In a typical gear pump, described by Pigott,® the respective 
values for normal delivery are as follows: 


Impact loss in pump housing............... pi = 0.353 psi 
OBUETIIIGEL LOSS othe aye ce etea ei ae bo, een Po = 1.23 psi 
Acceleration pressure loss................2- Pa = 1.85 psi 


making the total pressure loss in the pump 3.433 psi. 

Considering the pressure difference between the pump flange 
‘and the tooth space, the delivery shown with dot-dash line in Fig. 
4, plotted against the pump-flange pressure will appear as in 
Fig. 5. The point C (Fig. 1) moves 3.433 psi = 7 in. Hg to the 
right to C’. This point, frequently referred to as the knee point, 
break point, or fall-off point, is naturally determined by the 
pump losses and the vaporization pressure of the liquid. 


3.433 psi 


10 20 30 
PUMP FLANGE PRESSURE , Inch Hg abs. 
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The foregoing description of gear-pump behavior refers to an 
incompressible liquid medium that is completely air, gas, and 
vapor free, down to the vaporization pressure. Under such cir- 
cumstances the pump volumetric efficiency will not be affected 
by such factors as liquid viscosity, pump speed, and absolute inlet 
pressure, except at inlet pressures below the fall-off point. 

In reality, the lubricating oil always contains air and, fre- 
quently, also some vapor and gases. Air is present in the oil 
in two forms, entrained air and dissolved air. 

Entrained air is in the form of bubbles. Large bubbles are 
very unstable as they quickly rise to the surface and either col- 
lapse or form foam. Small air bubbles make the oil lighter in 
color and opaque. They are more stable although given time 
they all settle out. Oil free from entrained air is transparent or 
translucent but it still contains a certain amount of dissolved air. 
Dissolved air is invisible and, since it only fills the intermolecular 
spaces, it does not increase the oil volume. In equilibrium, lubri- 
eating oil holds approximately 8 per cent air in solution under 
normal pressure and temperature conditions. We have found® 
that the amount of air dissolved is proportional to the pressure. 
If the ambient pressure increases, the oil absorbs proportionately 
more air from the atmosphere; if it decreases, part of the dis- 
solved air evolves in the form of bubbles. Under violent agita- 
tion, as in the gear pump, the evolution of air takes place very 
quickly. 

While the amount of dissolved air in the lubricating oil is 


6 “Air-Lock and Foaming in Aero-Engine Lubrication System,” 
Report of May, 1943, from The Pennsylvania State College, Engi- 
meering Experiment Station, to the National Advisory Committee for 
Aeronautics. 
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small and varies but slightly, the amount of entrained air may be 
considerable and vary a great deal along the circuit. It generally 
enters the system in the engine crankcase. As the capacity of 
the scavenge pump usually exceeds the capacity of the pressure 
pump by a considerable margin, the difference is made up largely 
by entrained air. Therefore, the oil discharged by the scavenge 
pump contains 50 per cent or more entrained air and 8 per cent 
or so dissolved air. Most of the entrained air is eliminated (usu- 
ally in the oil tank) before the oil enters the pressure pump, but 
2 to 12 per cent or more may remain and affect the pressure- 
pump delivery unfavorably. The amount of entrained air re- 
maining depends greatly upon the design of the oil tank. Some 
“‘hopper-type”’ tanks render a poor performance with respect to 
air separation. 

Other gases may be present in the oil, originating from piston- 
ring blow-by, and vapor from gasoline dilution. Like air they 
may be entrained or dissolved and are controlled by similar laws. 
All air, gas, and vapor may be treated alike with respect to their 
influence on the delivery of the gear pump, and the term ‘‘aera- 
tion’”’ is intended to cover all of them. 


Errect of AERATION ON GEAR-PuMP DELIVERY 


Entrained Air. The amount of entrained air or gas in the oil 
may be expressed by its volume N7'P (under 60 F temperature 
and 14.7 psia pressure) relative to the oil volume; which means 
that the amount of entrained air at ambient barometric pressure? 
Pp is 


Vein FOR cilee Crate itas Fe ele ee Ae [9] 


The volume of this air under tooth-space pressure is 


Vpn = ay ees deh ee [10] 
Pr 

The tooth space is filled partly with oil and partly with entrained 

air, therefore 


Veo = Voi ae Ba é Voi = Vou (: + é i=) cee ree [11] 


Pt 


Dissolved Air. Any dissolved air that may be present in the 
oil occupies no volume therefore need not be considered in Equa- 
tion [11]. On the other hand, any dissolved air that comes out 
of solution in the tooth space as a result of the reduced pressure 
must be considered. The next problem therefore is to deter- 
mine how much dissolved air comes out of solution while the oil 
flows from the tank through the pipe and pump housing into the 
tooth space. 

If the clear oil contains under NTP (sea level) condition d part 
of dissolved air in equilibrium 


at a lower barometric pressure existing in the oil tank, the amount 
of the dissolved air will be 


and at the still lower pressure existing in the tooth space, the 
amount of the dissolved air will be 


NTP 
Vi = 
Po 


7 Where terms po, pt, and p, appear as exponents or subscripts 
they will be given as (pb), (pt), and (po), respectively. 
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Consequently, on its way from the oil tank to the tooth space (see 
Fig. 2) an amount of 


VAEF a Vigy? — Veg? = Bed Vario [15] 


Po 
dissolved air will be released. This amount of air will occupy a 
greater actual volume at the lower p, pressure 


V,@) == ree Po = Pos Pi 
Pr Pr 


VAC eal Viow @ — 1) SEI Sars c [17] 
Pt 


This volume of air will augment the volume of entrained air con- 
tained in the oil and will displace a corresponding volume of oil 
from the tooth space. In consequence, the geometric delivery 
will include an additional member and, in place of Equation [11], 
we obtain 


CaVGiaae sees Lol 


or 


Veen = Val een @ = 1) Factions Me [18] 
Pt Pt 


from which the oil delivery can be expressed as 


V sc0o ; 


eer 
Pr Pt 


If Veo is expressed in cubic inches, the oil delivery will be ob- 
tained in cubic inches per revolution. The oil delivery per 
minute is 


Voi = 


and using the term volumetric efficiency, as defined by Equation 
[4] 


which is a measure of the pump performance, irrespective of its 
size. 

In Equation [21] e denotes the amount of free air entrained in 
the oil, and d the amount of free air dissolved in the oil, in either 
case cubic feet of air N7'P per cubic foot of oil. If the oil is at 
rest and accessible for sampling, e can be determined by weighing 
a known volume of the aerated oil or by allowing the sample to 
settle. The volume decrease after complete settling gives the 
air content under the actual barometric conditions which can be 
converted to NTP conditions by Boyle’s law. The air content 
NTP divided by the remaining oil volume gives d. 

If the oil is in motion, or is otherwise inaccessible for sampling, 
the ‘‘Airometer,”’ shown in Fig. 6, may be used. The operation 
of this instrument is based on the relation between compressi- 
bility and air content and has been fully described elsewhere.® 

In a conventional lubrication system, as shown in Fig. 7, a 
considerable amount of air is taken into the engine sump as a 
result of the excess capacity of the scavenge pump over the pres- 
sure pump. In consequence, the entrained air e may be 50 per 
cent or more at the outlet of the scavenge pump. Most of that 
air escapes in the oil tank and what remains at the pressure-pump 
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inlet should not be expected to be more than 10 per cent. The 
design of the oil tank may help or hinder the air separation. 

For the determination of dissolved air, the Okonite tester, de- 
scribed in a previous report,® may be used. However, under 
NTP conditions, the dissolved air in lubricating oil is as a rule 
between 7 and 11 per cent and, by assuming it to be 8 per cent, 
no great error will be made. 

With a typical gear pump, characterized by a total pressure, 
loss of 3.483 psi, and a total line loss of 0.7205 psi between the 
tank and pump under full delivery and 2600 rpm pump speed, 
Equation [21] gave the results shown in Fig. 8. 

The calculation is not as simple as it may appear because of the 
presence of p,in the denominator. The tooth-space pressure p, 
is equal to the oil-tank pressure p, plus tank height equivalent, 
less line loss, less pump loss. The line loss up to the pump flange 
ean be calculated by the method described by Pigott. It de- 
pends upon the velocity of the flowing oil, »v = Q/F, and consists 
of two kinds of losses, the vee losses, which under laminar flow 
comprise the pipe resistance, etc., and vee-square losses like 
impacts, cross-sectional changes, etc. The pump losses also 
consist of two sets of losses, the vee-square losses in the pump 
housing and the tooth-entry losses, which in turn are composed of 
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the centrifugal loss and the acceleration or pickup loss as pre- 
viously described. Of these losses, the vee losses and vee-square 
losses vary with Q/F and Q?/F?, respectively. The tooth- 
entry losses vary as the square of the pump rpm and as the first 
power of the oil velocity. 

The dependence of p, on the velocity v = Q/F and velocity 
square v? = @?/F? makes a cubical Equation of [21], which, how- 
ever, can be solved without higher algebra by convenient graphi- 
cal methods. 

Equations [20] and [21] permit the solution of a number of 
interesting problems which, hitherto, have been inaccessible to 
mathematical treatment. One of them pertains to the optimum 
pump speed. What speed of a given pump, pumping a given 
liquid at a given altitude, gives greatest delivery? With low 
pump speeds, the delivery obviously will increase approximately 
in proportion to the speed. When the speed becomes high, in- 
complete filling of the tooth space reduces the delivery. Above 

_ a certain speed, the negative effect of the incomplete filling re- 
sulting from aeration is greater than the positive effect of the 
speed increase, and the delivery will decrease. 

Fig. 9 shows the oil delivery plotted against the pump speed for 
our typical gear pump at various altitudes. It shows that at 
sea level about 4000 rpm gives maximum delivery. At higher 
altitude the optimum pump speed will be lower; at 32,500 ft 
altitude less than 3000 rpm. The curve refers to aviation oil 
containing 10 per cent entrained air and 8 per cent dissolved air. 
Since it is in high altitudes where lubrication failure is likely to 
occur, gear pumps should be so designed as to give maximum de- 
livery at high altitudes rather than at sea level. 

In Equations [20] and [21], the slip and back delivery have been 
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(Entrained air, 10 per cent; dissolved air, 8 per cent.) 


ignored. Allowing for these, the oil delivery will be that much 
smaller 


Veo 


Q=n 
ee) 
Pt Pt 


The slip S, or leakage of oil between and around the gear teeth 
is a certain fraction of the total oil delivery, depending mainly 
upon the oil viscosity, discharge pressure, and machining clear- 
ances in the gear pump. In an aviation-type pump, pumping 
lubricating oil, it is of the order of 3 per cent. Generally it may 
be set as 


The back delivery B, as just explained, is due to the clearance 
volume between the meshing teeth on the noncontacting side of 
the gear ®ee Fig. 3) and is a fraction of the geometric displace- 
ment and may be expressed as 


Pumping air-free oil, b is constant and of the order of 16 per 
cent. With aerated oil, b will slightly decrease with aeration 
because the back-delivered oil also contains some air. However, 
in case of a pressure pump, where the inlet pressure is atmos- 
pheric or less and the discharge pressure is of the order of 100 psi, 
the volumetric air content in the back delivery is only a fraction 
of the air content of the oil fed, and its effect on b may be neglected 
for all practical purposes. 

From Equations [22], [23], and [24], we obtain 
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1 1 pag poeue tolerable minimum be one half of the maximum capacity of 
Man ais ; p Ps bY]... [25] the pump, Equation [27] evolved in the Appendix, from Equa- 
1+ «Be +a(B—1) tion [26], is 

t t - 

Drea EL (li 4-0) SAT es. Soe rere [27] 
If we neglect slip and assume b = 0.16 

where p, is the absolute barometric pressure at the lubrication 
} ONG eee [26] ceiling (psi), PL the total pressure loss from oil tank to tooth 


n= 
aera SN ee 
Pt Pi 
which means that the effect of clearance can be provided for by a 
parallel translation of the volumetric-efficiency curves along the 


vertical axis. Fig. 10 shows the delivery of the gear pump, repre- 
- sented in Fig. 8, with 16 per cent back delivery. 
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(Pump: 1.5 in OD; 0.963 in. root diam; 32 per cent clearance volume; 

2600 rpm. Line: 1.134 in. ID; 17 in. long; one ell, three nipples, one 

valve. Dissolved air, 8 per cent of oil volume NTP; entrained air, as 
indicated.) 


It will be noted that the delivery becomes zero before the inlet 
pressure becomes zero. This is not surprising since, at very low 


inlet pressures, all of the delivery is recirculated. 
® 


LUBRICATION CEILING 

In aviation service, a pertinent question is: How high can a 
plane fly before the engine is distressed for lack of adequate oil 
supply? This problem would seem to be much more complicated 
than computing pump delivery but, actually, it turns out to be a 
great deal simpler. 

Lubrication ceiling is reached when the delivery of the pressure 
pump drops below the tolerable minimum. If we stipulate that 


8 Although Equation [25] has been obtained by deductive reason- 
ing, its validity has been confirmed by test results obtained in the 
course of an experimental investigation on ‘‘Airlock and Foaming in 
Aero-Engine Lubrication System,’’ sponsored by the National Ad- 
visory Committee for Aeronautics,® at The Pennsylvania State 
College. 


space (psi), d the ratio of the dissolved air volume (NTP) to oil 
volume, and e the ratio of the entrained air volume (N7'P) to 
oil volume. 

This equation refers to a pump with zero slip and zero back 
delivery. These assumptions have been made to simplify the 
formula. The general formula is given in the Appendix. But 
ignoring slip and back delivery, the effect of other factors on p, 
is practically the same. 

From p,, by the known empirical relation, Fig. 11, the lubri- 
cation ceiling, L.C., can be determined. For purposes of this 
discussion, ‘‘Iubrication ceiling” is defined as the altitude above 
which the pump delivery drops below the critical delivery, which 
is taken to be 50 per cent of the sea-level delivery. For another 
percentage Equation [27] is slightly different as seen in the Ap- 
pendix, 

The application of Equation [27] resulted in the charts, Figs. 
12 to 18, which give both detailed facts and a perspective on the 
effects of various factors on the lubrication ceiling. 

Only one variable was changed on each chart, the other varia- 
bles being kept standard. The chosen standards were as fol- 
lows: é 

Pump: W. A. external gear pump, 1.5 in. OD, 0.963 root diam, 
2600 rpm, delivering normally 16 gpm of oil. 


Oil: An S.A.E. 60 oil with 32.2 centipoises abs viscosity at 180 F 
and 1293 centipoises at 60 F. 
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Line from tank to pump and fittings identical to those described 
by Pigott* with 1.134-in-ID X 17-in. tubing, one ell, three nipples, 
and one valve. 


Entrained air: 4 per cent of oil volume. 
Dissolved air: 8 per cent of oil volume. 
Pump speed: 2600 rpm. 


Oil temperature: 180 deg F. 


These basic conditions correspond to those of a typical instal- 
lation. 

An inspection of these charts reveals some startling facts. 

Fig. 12 shows the effect of entrained air and is in line with ex- 
pectation. The L.C. is 46,000 ft with zero per cent entrained air 
and drops gradually to 24,000 ft with 24 per cent entrained 
air, The entrained air is in the pipe between tank and pressure 
pump; and, because most of the air gets out of the oil in the 
tank, it must be an unsatisfactory tank or cold oil if the en- 
trained air is more than 8 per cent. Usually it is more likely to 
be 4 per cent, which gives 41,000 ft L.C. under basic conditions. 
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Fig. 12 Errecr or ENTRAINED AIR ON LUBRICATION CEILING 


The effect of entrained air can be stated very simply: Atabout 
40,000 ft altitude, every additional 1 per cent aeration reduces 
the lubrication ceiling by 1250 ft, and this irrespective of the 
pump and line resistance. 

Fig. 13 shows the surprising fact that the effect of dissolved air 
is so slight as to be negligible. The L.C. changes only from 
42,000 ft to 40,00Q ft when the dissolved air increases from 0 to 12 
per cent. The normal amount, according to our measurements, 
is 8 percent. It must not be forgotten, however, that the effect 
of dissolved air would be greater if the pipe resistance were 
greater. The curve refers to 1.184 X 17-in. pipe and fittings. 

Fig. 14 shows the effect of pipe length and is in line with expec- 
tation. Very long pipe is not good. 

The effect of pipe diameter is shown in Fig. 15 and is sur- 
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prisingly small in the normal region. By substituting 21/2-in- 
ID for 1.134-in-ID tubing, the L.C. is raised from 41,000 ft only 
to 42,000 ft. Of course the fittings are supposed to be changed 
in proportion. The use of extra-large pipe is therefore not justi- 
fied. 

Fig. 16 shows the effect of tank height above the pump. 
Lowering the tank 2 ft lowers the lubrication ceiling by 6000 ft. 
It is immaterial whether the tank is lowered from 2 ft height to 
pump level or from pump level to 2 ft below pump level, the effect 
is practically the same. Of course, we are considering the L.C. 
with the pump in continuous operation. The fact that with a 
negative suction height one may have priming troubles is another 
story. 

On the same chart the effect of an extra ell (90 deg) or an extra 
valve in the line is shown, both unexpectedly small. Neither of 
them reduces the ceiling by as much as 500 ft. Therefore, the 
avoidance at all price of ells and valves is not justified. On the 
other hand, pressurizing the tank to 1 psig raises the ceiling by 
9000 ft, provided the air content of the oil remains the same. 

Fig. 17 shows the effect of oil viscosity or temperature and is 
somewhat as would be expected, except that the effect of heating 
the oil above 160 F is insignificant. 

The effect of the pump speed is shown in Fig. 18. When the 
pump speed is raised from 1000 to 4000 rpm, the L.C. drops 
from 52,500 ft to 27,500 ft. This is considerable, even though 
it is realized that, in order to have 16 gpm normal delivery with 
low speed, a larger pump must be provided. 

On all charts a vertical line marks the basic conditions and cor- 
responds to a lubrication ceiling of 41,000 ft. 

The questions may be asked: What is the ceiling with a perfect 
pump? Is it infinite? First we must decide what we mean by 
perfect pump. If we define a perfect pump as one which has 
zero slip and zero tooth clearance (zero back delivery) then our 
charts already refer to a perfect pump, but the charts made up 
for an actual pump will not be much different. If, on’ the other 
hand, we define a perfect pump as one with zero slip, zero clear- 
ance, and zero pressure drop between pump flange and tooth 
space, the L.C. curves will be raised considerably. But the ceil- 
ing is still finite. 

With all pump losses being equal to zero, the total pressure loss 
willbe PL = 0.231 psi and 


py = 1.08 X 0.2315 + 0.04 X 14.7 = 0.83 psi 


corresponding to a lubrication ceiling of L.C. = 65,000 ft. On 
the other hand, if the total line resistance from oil tank to the 
pump flange were zero, with a standard pump the pressure loss 
would be PL = 0.8582 psi, and 


TABLE 1 LINE AND PUMP LOSSES 
At 16 gpm At 8 gpm 
delivery, delivery, 
psi psi 

Meetlosses dn limon... -Pieaaisistey ccm nrecicis wean 0.2057 0.1028 
Vee square losses in line...............++ 0.5148 0.1287 

SE OUAL ISS@: LOSS (cacy oyciats tovntaeate’s ts inso.er6 joes 0.7205 0.2315 
Vee-square losses in pump housing......... 0.3528 0.0882 
Tooth entry (n?) losses: 

Woentrifire all losses tre cvererelste ad ta sah ER 1.2300 0.6150 

PICKUP LOSS wc staradenieicis Go «1 alee ester sonnre 1.8500 0.9250 

PLOLAL DUMP LOS Me Acrta ule alsa cc utetalapeteicts 3.4328 1.6282 
PL = Total pressure loss from tank and 

GOOUN, BPROO Hei ivicws orale Ae ee eiclins aarens 4.1533 1.8597 
ROG TIGROR Ss ctrnsesvon coisa oie Aa: ya, Mue Tee oc 0.2057 0.1028 
PAL OC LOBBOR Jaitte pica Se ca. alt fat ai east Mare tony 3.9476 1.7569 
EMOTO LORCA S c.g sal varie ne oa a\el ayant ages 0.8676 0.2169 
PL-vee square losses. 3.2957 1.6428 
INA IORSOB. 50 eae ie oe 3.0800 1.5400 
MEV E=ai® LOBBOS So. coe sinters notes eal wpe Helaieee, 1.0733 0.3197 


Note: The figures in this table refer to the example calculated by 
Pigott (references 3 and 4), corresponding to the conditions specified. Flow 
of 16 gpm represents normal flow, while 8 gpm represents the critical flow, 
limiting the ceiling. 


pp = 1.08 XK 0.8582 + 0.04 X 14.7 = 1.518 psi 


corresponding to a lubrication ceiling of L.C. = 52,000 ft. 

A conclusion to be drawn from the foregoing analysis is that the 
greatest obstacle to raising the lubrication ceiling lies in the gear 
pump itself. This cannot be neutralized to any appreciable de- 
gree by minimizing line resistance or the percentage of entrained 
air. 

Table 1 shows the pressure losses from oil tank to gear teeth 
for normal (16 gpm) and critical (8 gpm) pump delivery. 


APPENDIX 


According to Equation [25], the volumetric pump delivery is 


oe Fae 
i 1+a(2—1) 4 0% 
Pt Pr 


When, due to altitude, the volumetric efficiency of the pump drops 
to a critical value ner, the plane has reached its lubrication ceiling. 

Since the tooth-space pressure is equal to oil-tank pressure less 
pressure loss 


Equation [25] can be written as 
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which with some algebraic transformation yields 
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Assuming for the sake of simplicity that both slip and back de- 
livery are zero, then with s = 0 and b = 0, from Equation [31] 
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which gives the required barometric pressure for the critical 
pump delivery. Assuming that the pump delivery becomes 
critical when the volumetric efficiency of the pump drops to or 
below 0.5, which means one half of the pump’s maximum capacity, 
then Equation [33] becomes 


pp = PL(i+d)+14.7¢ 
which is identical with Equation [27] of the paper. 
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Discussion 


W. L. Werexs.? While we may not agree with the author in 
his appraisal of the theoretical handicap on a pump, of 12 per cent 
dissolved air in its supply, it is comforting to realize the loss is 
theoretical. When at 42,000 ft, the importance to the pilot of 
another 2000 ft in either direction may be considerable. How- 
ever, our research work with the Gulf Company has indicated 
that the practical effect of dissolved air in the power-plant oil 
system, on the pressure pump, is much less than would show by 
calculation. The principal reason for the gratifying discrepancy 
is that, in most installations, the oil simply does not have time to 
change condition as to dissolved-air content at the place it would 
have the greatest detrimental effect, namely, at the inlet zone 
of the pump rotors. Mr. Piggott assures us that a natural reluc- 
tance of the usual oil to release its dissolved air is a factor in this. 

In the author’s discussion of the calculation and actual meas- 
urement of entrained free air, he refers to and recommends the 
‘“Airometer”’ which he has developed and described in a previous 
report. With due respect to the clever design which this device 
shows, the writer feels that it is a mistake to recommend it or 
any other instrument which measures entrained air on the basis of 
volumetric displacement, without simultaneously stressing the 
prerequisite to its practical use, namely, that it be supplied a 
homogeneous mixture, as the sample. It is quite soundly es- 
tablished that accurate measurement of entrained air is more a 
problem of obtaining a truly representative sample than of evalu- 
ating the sample. 

This line of experiment is very intriguing and there are so many 
possible ways of doing the displacement-measuring job on a static 
sample of oil/air mixture that many want to, and do, tackle it. 
It is quite easy to assume that the sample captured and taken 
aside to be tortured is representative in the per cent of air it 
contains, but the assumption is as likely to be wrong as it is easy 
to make. 

The author’s statement of the effect of inlet-pipe diameter is 
extremely misleading, as is its reference, Fig. 15, unless it is 
qualified by tying it in with the particular pump in the case. 
It so happens that the pipe line used with the pump was already 
large enough to cause small inlet pressure loss, at the normal 
pumping rate. That should be pointed out. In some other pump 
case (engine flow rate), a change of 0.25 in. in diameter of pipe 
from one which was too small to start with, might easily make a 
difference of a couple of thousand feet altitude. 

Again, when the author discusses the effect of an extra ell 
(90 deg) or an extra valve in the line, the need for some qualifica- 
tion of statement is indicated. The effect on the oil pump of dif- 
ferences of inlet pressure vary, depending upon the altitude at 
which the comparison is being made. For instance, the ‘‘extra 
ell” is cited as costing somewhat less than 500 ft altitude (we make 
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it 585). This is true only at the particular altitude, shown as 
about 28,000 ft. The resistance of the fitting is known to be 
about 0.26 in. Hg. If the author were to try the effect of this 
pressure loss up half way in the altitude zone where he shows 1 psi 
‘pressure boost’? applied (33,000 to 42,000 ft), the cost of the 
“extra ell’’ will be found more significant. A loss of 0.26 in. Hg 
at that altitude or 37,500 ft costs roughly 720 ft in ‘‘ceiling.”’ 

In reference to this and the statement on effect of pipe diame- 
ter, the writer would like to mention the fact that Wright Aero- 
nautical has been very active for the last 3 years in selling the 
small and seemingly detailed refinements in oil-inlet lines, as to 
size and fitting restrictions, as being important when accumulated 
in an installation. The airplane companies bought the idea, and 
it has paid off. We have applied it in new pump design. Now, 
along comes the author of the present paper to discount, perhaps 
unintentionally, the cumulative importance of the small factors 
in installation design. 


AUTHOR’s CLOSURE 


As to the dissolved air, the author fails to see the discrepancy 
mentioned by Mr. Weeks, between the calculated and practically 
observed effects, both being insignificant. According to theory, 
in the specified case, the lubrication ceiling decreases only 165 ft 
for each per cent increase of dissolved-air content. The prac- 
tically observed effect can hardly be ‘much less.’”’? True, the 
calculations have been based on the assumption that dissolved 
air is released at the pump inlet in proportion to the pressure drop 
(Henry’s law). It is believed that this is a close approximation 
of the truth. Our unpublished experiments show that air goes 
into solution reluctantly in oil but comes out of solution very 
readily even from a quiescent liquid and almost instantaneously 
when the oil is agitated. Even so, the calculation showed the 
effect of the dissolved air on lubrication ceiling to be negligible. 

A feature of the “‘airometer’’ mentioned in the text is that it is 
a full-flow instrument, in distinction to those devices that handle 
a sample bled from the main flow. Handling the full flow, there 
cannot be any question about the mixture not being representa- 
tive. The air content is of course measured on the volumetric 
basis and the results are therefore not identical with the per cent 
air content measured on the time basis, the latter being the ratio 
of the volumes of air and oil passing a given cross section of the 
pipe in, say, one second. Even that difference is insignificant 
unless slugs of air pass the line with a velocity greater than the 
velocity of the oil, a condition that rarely exists between the oil 
tank and the pressure pump. 

The numerical effect of the inlet-pipe diameter, valves, and 
ells are true only for the example cited which represents a typical 
Wright Aeronautical installation described by Pigott.6 It cer- 
tainly was not the intent of the author to discourage refinements 
and streamlining on oil-inlet lines, but the figures have shown to 
his own surprise that at least in certain cases effects are very small. 
The opposite is true of air entrainment, tank, pressurization, and 
pump speed. 


Boiler Nozzles and Valve Inlets for 
Maximum-Capacity Safety Valves 


By E. K. FALLS,! ROCHESTER, N. Y. 


This paper gives results of a developmental program for 
‘a safety-valve design which would be capable of dis- 
charging the greatest amount of fluid that could flow 
through a given size inlet, within the limitations imposed 
by entrance conditions of pressure, and either temperature 
or quality. Conditions were determined which would 
guarantee satisfactory performance, and also those which 
might possibly contribute to poor entrance conditions of 


- the design developed, or any other design using the same 


inlet condition. Suggestions are made by the author for 
consideration when new Boiler Code rules are established 
for high-capacity valves: (a) Welding rings should be 
prohibited in boiler-safety-valve nozzles. (b) Rounded- 
surface entrances are requisite. (c) Welding metal should 
not interfere with flow at outside edge of entrance surface. 
(d) Minimum distances from entrance to other surfaces 


should be specified. 


INTRODUCTION 


HE present designs of safety valves commercially available 
inci discharge capacities which are based upon areas of 
opening considerably less than that of the inlet connection. 
Coefficients of discharge approaching unity, computed by 
Napier’s equation for steam flow and based on the smallest 
cross-sectional flow area, are attainable with some of the com- 
mercial valves. For a given inlet size, the ratio of the smallest 
flow area to the area of the inlet may be considerably less than 
unity. Although such a safety valve may discharge practically 
the maximum theoretical possible quantity for the given flow area, 
an increase in the flow area may increase the capacity even though 
the total flow is considerably less than that theoretically possible. 
The A.S.M.E. Boiler Code permits the use of safety valves 
which give any opening up to the full discharge capacity of the 
area of the opening of the inlet of the safety valve (1).? 

A development program was pursued by the company with’ 
which the author is a consultant, for the purpose of developing 
a safety-valve design that for all practical purposes would be 
capable of discharging the greatest amount of fluid that could 
flow through a given size inlet for imposed entrance conditions 
of pressure, and either temperature or quality. The advantage 
to be gained is that the smallest total area of opening in the 
shell of a boiler or pressure vessel required to discharge the proper 
amount of fluid is obtained with this type of construction. Asa 
part of the development, it was considered desirable to determine 
those conditions that would guarantee satisfactory performance, 
and also those that might possibly contribute to poor entrance 
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conditions of this design or any other design using the same type 
of inlet connection. 

Sufficient consideration has not been given to the proper mount- 
ing of safety and relief valves in the past. Relief valves in 
particular are mounted incorrectly in many cases. At times 
designers specify long pipe lines with several turns or elbows to 
connect a relieving device with the pressure vessel to be pro- 
tected. If the pressure drop due to friction in the entrance line 
is appreciable, faulty valve performance results. Boiler-safety- 
valve installations are much more closely controlled in this re- 
spect as a result of the various boiler-code rules prescribing ac- 
ceptable means of installation, and yet, dry pipes or the like, 
placed within the boiler drum-near the safety-valve inlet, can con- 
stitute a possible hindrance to flow, especially if the rate of flow 
through the boiler safety-valve nozzle approaches the maximum. 
At present there are no code rules covering the design of this part 
of a boiler installation. 

Practically all present-day safety valves have capacities con- 
siderably less than the capacity possible through a nozzle having 
a throat diameter equivalent to the inlet size or entrance-piece 
diameter. The ideal design is capable of having a capacity that 
approaches the maximum capacity possible of attainment through 
an entrance nozzle, and yet, at the same time, maintaining satis- 
factory performance. Previous tests have been reported on 
nozzle-type safety valves which had throat areas equal to the 
boiler-nozzle areas (2), but the values of lift and capacity for this 
arrangement were not mentioned. 

To produce capacities that are large relative to the entrance- 
piece diameter, the commercial product must have a flow passage 
that simulates the flow nozzle which has (a) a rounded-entrance 
converging section; (6) a short length of straight-tube section 
usually termed the throat; and (c) a diverging section beyond 
the throat of increasing cross-sectional area, assuming that 
expansion is incomplete at the throat of the safety-valve nozzle. 
Thus the performance of the design described herein is not de- 
termined solely by the constriction above the inlet flange or 
threaded inlet connection, but by the arrangement of the entire 
flow passage from the entrance within the boiler shell to the 
outlet connection. 

The rounded-entrance flow nozzle is considered the ideal shape 
for the contour up to and including the throat, but because of 
mechanical requirements there must be marked departures from 
this simple shape in the final design. For example, the throat 
section of the ideal nozzle consists of a short tube about 1 diam 
long or less. This length in the new design is increased to ap- 
proximately 5 diam, because the flow passage must pass through 
the safety-valve inlet flange and up to about the center line of the 
outlet connection. This length of throat section may introduce 
a noticeable increase in the amount of friction if the wall roughness 
is permitted to increase during the life of the safety valve. It 
is important then that the wall of this section be as smooth 
as is commercially feasible. 

With ideal wall conditions, the rounded entrance could con- 
verge immediately to a throat size equal to that of the inlet 
diameter. However, a boiler safety-valve nozzle is usually 
welded or riveted to the boiler shell and is needed to provide a 
means for mounting or removal of the safety valve. Due to this 
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tube having a relatively rough wall compared with the throat, the 
desirability of a joint between the boiler and the safety-valve 
body, and the need of providing sufficient distance from the shell to 
the safety-valve body to make up this joint, the converging section 
is splitinto two parts; (a) a rounded entrance at the lower end of 
the boiler nozzle, and (b) a conical section immediately preceding 
the throat which produces a small reduction of diameter, and 
which is connected with the rounded entrance by a cylindrical 
passage. There should be no break in the wall surface of the 
second converging part, hence the joint is located at the dis- 
charge end of the boiler nozzle where the full diameter occurs. 
The large reduction of diameter at the rounded entrance of the 
flow nozzle is made to occur within the boiler drum in this design 
and is formed by turning a radius on the lower end of the tube. 


APPARATUS AND EQUIPMENT 


All development tests were performed at the Bridgeport Works 
of the company, with wet saturated steam as the fluid. Although 
many different combinations were tested during the period of 
development, the experimental work consisted primarily of two 
types of tests; (a) flow tests for which the capacity-lift relation 
was investigated as affected by various factors; and (b) pop tests 
for which the pop action, amount of blowdown, and lift at pop 
and accumulated pressures were determined. 

A flowmeter installation, Fig. 1, was used for the flow tests. 
Saturated steam from boiler No. 1 was admitted to the flow- 
meter line through a 6-in. power-operated gate valve. The 
maximum pressure available from this boiler was 700 psi. A 
3/,-in. by-pass line around the gate valve was used for close 
adjustment of the pressure during tests. This line also had a 
discharge connection to a returns tank. 

The primary element of the flowmeter consisted of a stainless- 
steel orifice with pipe taps installed in a 4-in. horizontal line. 
Straightening vanes were located in the line ahead of the orifice, 
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leaving approximately 6 pipe diam of straight pipe between the 
vanes and the orifice. A recording flowmeter indicated the vol- 
ume of flow. A set of seven range tubes permitted measurements 
of flow up to 25,000 lb per hr of saturated steam. 

The inlet for supplying steam to the drum of the flowmeter 
installation was located at the middle of the drum, the outlet for 
mounting of the safety valves at the upper head concentric with 
the vertical longitudinal axis. Pressure taps were located at the 
drum and the meter line. The drum tap was connected to the 
drum above the inlet but 90 deg around the shell. A drain valve 
was attached to the lower head. 

Quality was determined with a calibrated throttling calorime- 
ter. Once flow was started through the apparatus, readings 
were not recorded until the quality was approximately 98 per 
cent. 

Disk lift was regulated by manual adjustment of a threaded 
spindle which engaged a nut at the top of a special valve yoke. 
A 20-pitch thread on the spindle, and a lift wheel, attached to 
the upper end of the spindle, having an adjustable dial divided 
into 50 divisions, provided means for measuring 0.001-in. lift 
increments. The closed or zero lift position was determined 
by lowering the spindle and disk until the disk was seated, after 
first having heated the safety valve parts by discharging steam 
through the apparatus at test pressure. The dial was adjusted 
for zero reading at this setting. 

Interchangeable throat tubes, Fig. 2, were made for insertion 
into a 21/,-in. Type 1555 Consolidated safety-valve body to form 
the throat of the nozzle and the second converging section. A 
wall angle of 10 deg was used throughout to form the tapered 
converging section within the tubes, all of which were constructed 
with l-in. throats. This constant throat size permitted the use 
of only one set of moving parts above the throat for all entrance 
tests, so that any change in flow, lifting force, or other perform- 
ance factors was caused by the changes of contour introduced 


600-Psr 25,000 LB Per Hr FLOWMETER INSTALLATION FOR SAFETY-VALVE TESTING 


FALLS—BOILER NOZZLES AND VALVE INLETS FOR SAFETY VALVES 


within the entrance 
piece and throat tube. 
The large diameter of 
the conical section of 
the throat tube was 
made equal to that of 
the inlet connection. 
As the over-all length 
and throat diameter of 
all the throat tubes 
were the same, an in- 
crease of the ratio of 
throat diameter to in- 
let-connection inside 
diameter, termed the 
“throat ratio,’ not 
only reduced the 
amount of area reduc- 
tion at the converging section but also increased the length of the 
throat. 

Flow passages formed by boiler safety-valve nozzles were 
simulated by manufacturing a number of entrance tubes, most of 
which were approximately thg same length as commercial long- 
neck welding flanges of the Same size used for boiler nozzles. 
However, in addition to a sharp-edged 90-deg turn for the 
entrance, as is common for boiler installations, a rounded-surface 
entrance construction, Fig. 2, was also used. The tubes were 
made of both brass and steel. A fine tool finish was machined 
on the inside surfaces except for those made of standard pipe. 
The outside diameter of the flange on all tubes was maintained 
constant so that they could be placed within the bolt circle and 
clamped between the flanges of the safety-valve base and the 
several test mountings. Locating pins served to center the 
entrance tubes with the various throat tubes. 

The effect of throat ratio was investigated by varying the size 
of the inside diameter of the entrance tubes, which ranged from 
15/,,in. down to l-in. standard pipe size. One series of tubes 
was manufactured with square-edged entrances to investigate 
flow conditions similar to present practice. A second series was 
manufactured with rounded-surface entrances. The radii of the 
rounded surfaces of this second series were made sufficiently 
large to eliminate entrance losses at the entrance-tube inlets. 
Several of the surfaces were generated with two radii to ap- 
proximate an ellipse, but in all cases the outside diameter of the 
lower end of the tubes was 2'/2 in. or less which permitted them 
to be inserted into the mounting blocks. 

The radius of the rounded entrance was investigated to deter- 
mine how small a radius could be used without reducing the flow. 
A series of tubes having an inside diameter of 1!/s-in. was made 
with radii of the rounded surface varying from zero for the 
straight sharp-edged tube to a maximum of 1!/:-in. A circular 
are was chosen for the generating curve of this surface to facilitate 
the manufacture of the entrance tubes. 

All of the entrance tubes mentioned were made 9-in. long. 
One approved method of welding nozzles into boiler drums that 
is used at present permits the tube to project through the shell 
into the interior of the drum a short distance, which is relatively 
simple to manufacture. A few tubes of 12-in. length were made 
to determine whether this construction would produce an effect 
similar to a “Borda mouthpiece.”” The lower end of these tubes 
projected into the interior of the pressure vessel. 

A flat circular plate, 33/.-in. diam X 1/:-in. thick, attached to 
the inlet end of a 1!/s-in-diam rounded-surface entrance tube 
by means of two slotted supports, was used to simulate possible 
restrictions to flow, Fig. 3. The distance from the upper surface 
of the plate to the lower end of the tube was adjustable from the 
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contact position to a value greater than the tube inside diameter. 
The plate outside diameter was limited by the 4-in. valve-mount- 
ing outlet of the 700-lb drum of the flowmeter installation. A 
similar arrangement was used with a sharp-edged entrance tube. 
During the tests it was found necessary to provide additional 
means of support to prevent the steam forcing the plate against 
the end of the tube at relatively high rates of flow and small gap 
distances. 

Pop tests were performed on No. 4 or No. 5 test drum, or on 
the test mounting of boiler No. 3 (3). No. 4 drum was approxi- 
mately 3 ft diam X 10, ft long, was designed for 700 lb pressure, 
and was provided with a 6-in. valve for mounting safety valves. 
Valves were set at pressures up to 1200 psi on boiler No. 3. A 
4-in. gate valve, which was open during tests, connecting piping 
directly from the boiler, and an adapter block formed the en- 
trance passage to the safety valve under test. A by-pass around 
the gate valve with a discharge connection to a returns tank, and 
the rate of firing (oil-fired) were used to control the pressure. The 
experimental models were first set for the desired pop pressure 
and the blowdown adjusted to within 4 per cent because access 
to the compression screw was prevented once the lift-measuring 
apparatus was attached. 

Disk lift was measured with a Tabor indicator which had a 
5:1 ratio of pencil movement to piston-rod movement; The 
indicator was supported above safety valve models by adapters 
on which it was mounted, and which carried setscrews to clamp 
the adapters to the top of the safety valves. A coupling screwed 
onto the upper end of the spindle together with 14/s-in-diam 
connecting rods transmitted any disk motion to the indicator 
mechanism. 

If the capacity of the drum or boiler No. 3 was sufficient to 
hold the safety valve model open at the set pop pressure and the 
accumulated pressure, the lift measurement was taken with the 
safety valve discharging at the desired pressure. But for capacities 
toolarge to besupplied by steady flow to the drums or by the boiler, 
the pop lift was recorded on the indicator at the instant of pop 
by imparting manually a reciprocating motion to the indicator 
drum. Accumulated lift was measured by holding the safety valve 
closed until the boiler or drum pressure reached 103 per cent of 
the gage popping pressure, then repeating the procedure used to 
record the pop lift. The closing pressure was observed on these 
tests to obtain the blowdown and also to determine whether the 
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TABLE 1 RESULTS OF TESTS 


Entrance tube diameter, in............. 1.049 
Throat Vana tsetse ce eras Fee alte eats 0.954 
Lift, (maximum flow), in..............+ 0,35 
Meter PIESSUFE, PBIZ... eee cee cnce secre 198 
Meter pressure, D8ia. ssieiis:c aca sie'os alee s 213.4 
Calorimeter temperature, deg F......... 273 
Quality at meter, per cent.............. 98 
Quality correction factor............... 1.000 
Pressure correction factor...........++. 1.358 
Range tube constant, lb per hr......... 8000 


Meter reading, per cent..........0.008> 69 


Meter flow, Ib per hrs7iv. 5 2 aay van are 7490 
Calorimeter flow, per hr hi arity 36.5 
Valve tow, Lbypon in crs ceiaseieyete veer 7453 


Inlet pressure see )w Adie ies aisle 200 


Inlet pressure, PSA... 6. ise sees eis 213.9 
Throat. diameter, inv. d..6:45..2 55 sase .cme 1 
Coefficient of discharge, TST) Roo aie: deo 0.863 


Suarp-Eparep ENTRANCE TUBES 


Rounpep-SurFACE ENTRANCE TUBES 


Entrance tube diameter, in............. 11/32 
Throat ration, Lac stew eee a ewe eet 0.970 
Rounded-surface radius, in............. 1/, 
Lift, (maximum flow), in............... 0.35 
Meter PTESSUTEs WSIS sie ra/=ib «fe olayetalal¥yer= 197 
Mister pressure pass sce tiie « 0 heres a 212.4 
Calorimeter temperature, deg F......... 281 
Quality at meter, per cent.............. 98.5 
Quality correction factor............... 0.998 
Pressure correction factor.............. 1.355 
Range tube constant, lb per hr. 8000 


Meter reading, per cent...... na 77 


Meter flow, lb per hr...... 8310 
Calorimeter flow, lb per hr 36 
Valve flow, lb per hr. 8274 
Inlet pressure, psig. 200 
Inlet pressure, psia. 213.9 
Throat diameter, in...... 8 
Coefficient discharge, KD............... 0.958 


blowdown changed as a result of the disk lifting higher at the 
accumulated pressure. Manual operation of the recording 
mechanism was also used to determine the disk-lift roe from 
which the safety valve closed. 


RESULTS AND DiscussION 


If ideal entrance conditions prevail and there is no interference 
beyond the throat, the maximum rate of discharge is governed 
by the throat area and the initial state of the fluid. Interference, 
as used here, is defined as any condition in the diverging section 
that can prevent the development of maximum nozzle flow. 
One combination which had nearly ideal entrance conditions and 
a discharge coefficient, based on Napier’s rule® (4) of 1.01, was 
constructed with a long 10-deg wall-angle conical entrance of 
23/s-in. diam at the inlet end of the safety-valve-throat tube and 
a l-in. diam at the junction with the throat of the tube. As the 
combination described likewise proved satisfactory with regard 
to lifting force and performance and developed practically full 
nozzle flow at a lift ratiot of 0.25, no material change was made 
in the shape of the diverging-flow passage beyond the throat of 
the model safety valve that would decrease the rate of flow during 
the series of entrance tests. On the basis of this test the 10-deg 
wall angle was incorporated in the construction of all throat tubes 
used to investigate entrance characteristics. 

Results of the throat-ratio tests are given in Table 1, which 
includes computed values for test points having the highest 
rate of flow for each combination. The coefficients of this table, 
based upon the throat diameter, are plotted in Fig. 4. The 
superiority of the rounded-surface entrance over the .sharp- 
edged entrance is considerable at throat-ratio values near unity. 
It was assumed that both would have the same coefficient of 
1.01 for the example just cited. The coefficients for several of 
the rounded-surface tubes, which had large entrance radii, may 
have been low with respect to the curve owing to an arc length 
less than 90 deg. 

3 The maximum rate of flow of saturated steam through a nozzle 
is given approximately by Napier’s rule as W = PA/70, where W = 
rate of flow, lb per sec, P = initial absolute pressure, psi, and A = 


throat or minimum cross-sectional area, sq in. 
‘ Ratio of disk lift to throat diameter. 


l/s 11/3 12/15 V/, 15/16 23/5 
0.941 . 889 .842 0.800 0.762 0.421 
0.35 0.26 0.26 0.25 0.26 0.35 
198 198 199 198 198 197 
213.5 218.5 214.5 213.5 213.4 212.5. 
294 286 296 272 272 280 
99.2 98.8 99.4 98 99 98.5 
0.994 0.996 0.993 1.000 0.995 0.998 
1.351 1.350 1.361 1.349 1.350 1.355 
8000 8000 8000 8000 8000 8000 
73 75.25 76 77.25 81.25 
7530 7860 8070 8200 8300 8780 
6 36 36 6 36 36 
7494 7824 8034 8164 8264 8744 
200 200 200 200 200 200 
214.0 ae ee 214.0 213.9 214.0 
1 
0.870 0.908 0.93 0.946 0.96 1.01 
1.049 l'/i6 11/3 13/16 l/, 15/16 
0.954 0.941 0.889 0.842 0.800 0.762 
11/2 1/9 1/4 11/2 1!/2 1/4 
0.25 0.35 0.30 0.35 0.26 0.35 
197.5 197 198 197 198 198 
212.9 212.5 213.5 212.5 213.5 213.6 
272 288 282 292 282 285 
97.9 98.9 98.5 99.0 98.5 98.7 
1.0005 0.996 0.998 0.995 0.998 0.997 
1.357 1.356 1.351 1.358 1.351 1.351 
8000 8000 8000 8000 8000 8000 
74.75 77.3 7 78.25 78 79.7 
8125 8340 8430 8460 8420 8540 
36.5 36 6 6 36 6 
8089 8304 8394 8424 8384 8544 
200 200 200 200 200 \ 200 
rican eee hae eke ree 214.0 
0.939 0,961 0.970 0.975 0.970 0.987 


The reduction of the value of the coefficient at approximately 
unit values of the throat ratio does not necessarily imply a de- 
crease of flow with respect to the inlet diameter. The results 
of the rounded-surface-entrance tests were also represented by 
plotting the capacity factor F, against the throat ratio, Fig. 5, 
where F’, was obtained by dividing the capacity at 0.25 lift ratio 
by the product of the absolute pressure P and the entrance tube 
diameter squared. These values are tabulated in Table 2 and 
were taken from capacity-lift curves of complete tests of each 
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Rounded-surface entrance. Lower curve: Sharp-edged 


entrance.) 


(Upper curve: 


throat ratio, rather than from the actual test points for 0.25 lift 
ratio. For this reason the capacities do not agree with the maxi- 
mum computed capacities of Table 1, where the apparent 
maximum occurred at 0.25 lift ratio. Curve 2 has been included 
to show the values that would be obtained if the coefficient of 
discharge remained constant at 1.01. It was assumed the two 
curves would coincide at a throat ratio of 0.421. This method 
of representing the results includes the coefficient-of-discharge 
factor and the entrance tube diameter. 

Results of the tests to determine the minimum radius of the - 
rounded surface are given in Table 3; coefficients have been 
plotted in Fig. 6, which indicates that if the ratio of the radius 
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CAPACITY FACTOR Fe 


20) 


THROAT RATIOO %, 
‘Sa 68 72 76 80 84 88 92 96 1,00 
Fie. 5 Capacity Factor ror ROoUNDED-SuURFACE ENTRANCE TUBES 


Curve 1 Fc = Kp X 51.43 X 0.785 X (Dr/Dr)? 
Curve 2 F; = 1.01 X 51.43 X 0.785 X (Dt/Dr)* 


De = entrance tube diameter, in. P = drum pressure, psia 
Dr = throat diameter, in. W = capacity, lb per hr 
Fo = capacity factor 


of curvature at the inlet end of the entrance tube diameter is 
kept at a value not less than 
veg 
O22 
11/; 


no reduction of flow occurs owing to the shape and size of the 
entrance edge. A full 90-deg are can be turned on the lower end 


TABLE 2 CAPACITY FACTOR AT 0.25 LIFT RATIO 


Capacity factor = 
Capacity taken from flow tests 


5 
Inlet Capacity, Throat Capacity Throat Capacity 
diam DE ratio, factor, ratio, factor, 
in. lb per hour Dr/Dz Fe Dt/DE Fe 
1.049 8075 0.954 34.35 1.00 40.75 
11/22 8250 0.970 36.25 0.95 36.79 
l/is 8225 0.941 34.05 0.90 33.00 
11/s 8275 0.889 30.57 0.85 29.43 
13/16 8300 0.842 27.50 0.80 26.07 
ly, 8350 0.800 24.97 0.75 22.95 
15/16 8475 0.762 23.00 0.70 19.97 
P was considered as 214 psia. 
Kp = 1.01 for column 6, then 
W = 1.01 X 51.43 X 0.785 X (Dr/Dz)? KX DE? KX P = 


40.75 (Dr/DrE)* DEP. 


of the entrance tubes to form the required entrance shape when 
a commercial long-neck welding flange is used for the boiler 
safety-valve nozzle as the wall thickness is greater than the 
rounded-surface radius. 

Test results of the 12-in. tubes showed no appreciable change 
in the rate of flow even though the lower ends of these longer 
tubes projected slightly below the inside surface of the straight- 
run section of a 6-in. tee which served as the original flowmeter 
drum. This factor therefore was ignored in all subsequent tests. 

Correct alignment of the conical converging passage at the 
valve inlet with the straight portion of the entrance tube is 
important. As the large diameter of the conical section is the 
same size as the straight tube diameter of the entrance tube, 
any eccentricity produces a sharp section projecting into the 
passageway which reduces the capacity. This effect was dis- 
covered accidentally when a 1-in. throat was assembled with a 
11/,-in. entrance tube. An inspection of the combination 
showed 1/3. in. eccentricity of the two parts after test results 
indicated a flow less than what was expected. This was cor- 
rected by an accurate alignment of the two parts. The same 
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amount of eccentricity, for a combination having a smaller-diame- 
ter entrance tube and the same throat diameter, produced 
a greater disturbance as a result of higher velocities at the joint 
and a greater ratio of per cent reduction of area. 

An attempt was made to allow for eccentricity by making the 
large diameter of the conical section larger than the diameter of 
the entrance tube. But even with concentric alignment, the rate 
of flow decreased as the difference of the diameters increased. 
The sudden expansion followed by recompression apparently 
introduced a pressure loss that reduced the rate of flow. A con- 
struction somewhat similar was investigated by Stodola (5). 
A rounded entrance on the throat tube rather than a conical 
section would not improve this condition as a flat surface perpen- 
dicular to the high velocity would be introduced. However, 
decrease of flow, introduced by increasing the safety-valve inlet 
diameter, may be exaggerated as the differences determined by 
the tests are within the experimental limits of accuracy of the 
apparatus. 

The maximum capacity for a given inlet size may be computed 
by using the maximum value of the capacity factor of curve 1, 
Fig.5. However, throat ratios near unit value can produce poor 
safety-valve performance. If the pressure loss due to friction in 
the converging section is sufficient to reduce the throat pressure to 
less than what it would be at the closing pressure for satisfactory 
performance, the safety valve will go into a chatter. 

Lift ratios of 0.25 probably cannot be maintained throughout 
a spring range for conditions like those just described. Therefore 


1.000 


FLOW COEFFICIENT 


240 


RADIUS ON END OF ENTRANCE TUBE IN INCHES 


fo Y, % 1 Yo 


Fie. 6 DiscHarce CorrriciIENT aS AFFECTED BY RADIUS OF 
RounDED-SuRFACE ENTRANCE 


Symbol Lift 
x 0.25 
Oo 0.26 
O 0.30 
A 0.35 


TABLE 3 COEFFICIENT OF DISCHARGE FOR VARIOUS RADII 
OF ROUNDED-SURFACE ENTRANCE 


(l-in. throat, 11/s-in. entrance, 9-in. tube) 


Coefficient 
Radius, Lift, Pressure, Flow, of discharge, 
in. in. psia lb per hr Kb 
0 0.25 214.0 7814 0.905 
0 0.26 214.0 7824 0.906 
0 0.30 214.0 7824 0.906 
0 0.35 214.0 7814 0.905 
1/ 0.25 213.9 8244 0.953 
l/s 0.26 213.9 8234 0.953 
'/s 0.30 213.9 8224 0.952 
1/s 0.35 213.9 8224 0.952 
1, 0.25 214.0 8344 0.965 
1/4 0.26 214.0 8364 0.969 
1/4 0.30 214.0 8394 0.971 
1/4 0.35 214.0 8364 0.969 
1/y 0.25 214.0 8314 0.963 
1/y 0.26 214.0 8284 0.959 
1/2 0.30 214.0 8324 0.964 
1/4 0.35 214.0 8344 0.965 
1 0.25 214.0 8284 0.959 
1 0.26 214.0 8284 0.959 
1 0.30 214.0 8324 0.964 
1 0.35 214.0 8344 0.965 
11/2 0.25 213.9 8364 0.969 
11/2 0.26 213.9 8344 0.965 
1!/2 0.30 213.9 8344 0.965 
li/, 0.35 213.9 8344 0.965 
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the capacity factor for actual safety valves designed: for large 
throat ratios would probably be much less than shown by curve 1 
in Fig. 5, at the upper end. The dotted curve may more nearly 
represent values of F’, to be expected at throat ratios near unity. 
In consideration of these difficulties, the throat ratio should be 
as large as possible and yet less than that at which these troubles 
may occur. A maximum constant ratio of 1 to 11/s (0.889) was 
used for all the tests that determined the minimum required 
rounded-surface radius and the effect of the flat-plate obstruction. 

The flat-plate test results, Table 4, were obtained by varying 
the clearance at the inlet end of the entrance tubes and also 
varying the disk lift for each setting of the plates. Capacities 
in per cent of maximum nozzle capacity, based upon the entrance 
tube inside diameter, were plotted against the ratio of plate 
clearance to the inside diameter, termed the plate-clearance ratio, 
Figs. 7and 8. Curves connecting equal lift values then represent 
the effect of the plate position on the amount of flow that 
would normally occur through a constant-size orifice. 

For each rate of unrestricted flow, the plate must be at some 
minimum distance from the tube. This distance as a ratio is 
represented roughly by the dashed straight line from the origin. 
Any condition to the left of this line represents a reduction of 
flow. Additional curves at increments of 5 per cent maximum 
nozzle flow have been located approximately among the experi- 
mental curves in this region. The advantage possessed by the 
rounded-surface over the sharp-edged entrance at equal plate 
distance ratios can be readily observed from the two graphs. 
The results of these tests are not limited to safety valves but are 
applicable to any steam flow entering a line from a vessel. 

To check the experimental results of the development program, 
several 11/:-in-size commercial safety valves were designed and 
built, including 1!/,-in. entrance tubes to be adapted to larger-size 
mounting connections. A throat ratio of 0.90 was used, making 
a throat diameter of 1.35 in. The minimum requirement of 
0.222 for the entrance-radius ratio was satisfied. Design features 
determined by tests in the first part of the development program 
were applied to flow passages and moving parts of these safety 
valves. All flow passages from rounded entrance to discharge con- 
nection were formed similar to those of development safety valves. 
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Fie. 7 Capacitips DEVELOPED WITH CrircULAR FLAT PLATE aT 
ENTRANCE, SHARP-EDGED ENTRANCE TUBE 


Pop tests on these safety valves were made at Bridgeport to set 
them for the proper opening pressure and amount of blowdown. 
Flow tests were performed at the Naval Boiler and Turbine 
Laboratory at the Philadelphia Navy Yard as a part of Navy 
acceptance-test requirements. The steam flow was measured 
by weighing the amount of feedwater, and the entire flow of steam 
was passed through the safety valve under test, all other outlets 
being closed. 

The results of the test on the saturated-steam safety valve are 
given in Table 5. Although the lift ratio was only 0.242, a flow 
coefficient of 0.942 is comparable to those obtained during the de- 


TABLE 5 TEST OF 11/:-IN. VALVE, PHILADELPHIA NAVY YARD 


Boiler-nozzle size, in....... 1/2 Taft VauiGs:../<os esate oe eee e0. 242 
Throat diameter, in........ Paso Test pressure, psia....... at oe OLECO 
TPhrogh Tati: )s.ck geese 2 0.90 Actual flow, lb per hr....... 44,789 
Entrance radius ratio...... 0.222 Theoretical flow, lb per hr... .46,426 
Pop pressure, psig......... 616.7 Discharge coefficient......... 0.942 
Blowdown, per cent....... 2.60 Capacity factor. seth... .. te 30.65 


TABLE 4 CAPACITIES WITH FLAT PLATE AT ENTRANCE, LB PER HR 
1.125-In-ID, ayers EnTRANCE TusBb, THROAT DIAMETER = 1.000 IN. 


Lift ratio...... ah rales iets 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 
Plate 11/3 i in. from end of Ge aie avin ratio = 1 
Valve Howse. vcd acces 1358 3075 4825 5965 6745 7095 7065 7065 
Per cent theoretical flow.. 13.3 30.2 47.4 58.7 66.3 69.7 69.4 69.4 
Plate a in. from end of tube—Plate-clearance ratio = 0.777 
Valve Hl owineias venetian etereen 1365 3080 4805 5915 6705 7085 7085 7105 
Per cent theoretical flow.. 13.4 30.3 47.3 58.2 65.9 69.6 69.6 69.9 
late 5/s in. from end of tube—Plate-clearance ratio = 0.555 
Valverlow: acs ssisrttecter om 1363 3086 4805 5895 6705 7025 7025 7065 
Per cent theoretical flow. . 13.4 30.4 47.3 57.8 65.8 69 69 69.5 
Plate ise in. from end of tube—Plate-clearance ratio = 0.333 
Watve flow... oc shacs ee ee 1363 3080 4745 5855 6565 6885 6865 6890 
Per cent theoretical flow.. 13.4 30.3 46.6 57.7 64.6 67.7 67.5 67.7 
Plate 1/, in. from end of tube—Plate-clearance ratio = 0.222 
Waive Hows. ccs eacestcon es 1365 3085 4725 5635 6285 6525 6535 6525 
Per cent theoretical flow.. 13.4 30.3 46.4 55.3 61.8 64,2 64.3 64.2 
late 1/s in. from end of he ec ratio = 0.111 
Valve flowmie ces eotemes 1365 2755 4225 4915 5205 5185 5205 5205 
Per cent theoretical flow. 13.4 27.2 41.5 48.3 61.2 51 51.2 61.2 
1,125-1n-ID, Rovnpzp- Surracre Entrance Tune, THRoaT DIAMETER = 1.000 IN. 
Late ratio, Miaasseene ue 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 
Plate Li/si in. from end of tube—Plate-clearance ratio = 1 
Valve flow 5 Aiewce icons 1367 3090 4865 6135 6965 7467 7500 7480 
Per cent theoretical flow. . 13. 30.4 47.8 60.2 68.5 73.4 73.6 73.5 
late fe in. from end of tube—Plate-clearance ratio = 0.777 
Walve ows. aces c poms 1615 32 5006 6 7206 7586 7586 7516 
Per cent theoretical flow.. 15.8 32 49.1 61.5 70,7 74.5 74.5 73.8 
Plate 5/s in. from end of tube—Plate-clearance ratio = 0.555 
Valve dow Static wacsicls cod 16 3166 4916 6156 7026 7426 7421 7441 
Per cent theoretical flow... 15.8 31 48.3 60.5 69.0 72.9 72.9 73.0 
Plate #/s in. from end of tube—Plate-clearance ratio = 0.333 
Walve How (i. veh b pu viet 1618 3301 4976 6161 6986 7386 7371 7366 
Per cent theoretical flow.. 15.8 32.4 48.8 60.5 68.5 72.5 72.4 72.3 
late 1/, in. from end of tube—Plate-clearance ratio = 0.222 
Walve fowl sbrec dey os wuld 1600 3170 4875 6015 6780 7175 7185 7205 
Per cent theoretical flow.. 15.7 31.1 47.9 59.0 66.5 70.4 70.5 70.6 


Plate 1/, in. from end of tube eee ratio = 0.111 
4855 


Melve HOW cae. ene ee 1595 3030 
Per cent theoretical flow. . 15.6 29.7 
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velopment work. The capacity factor also is reasonably close to 
the curve in Fig. 5. 


CONCLUSIONS 


Although the coefficient of discharge for commercial safety 
valves must be based upon the throat diameter, which is held to 
close tolerances, the coefficient alone is not suitable as a criterion of 
the orifice efficiency when a high rate of discharge is required with 
respect to the size of the boiler nozzle. Rather the inside diame- 
ter of the boiler nozzle itself must also be used as a measure 
of the amount of flow. Both of these factors are included in the 
capacity-factor value represented in Fig. 5. 

Boiler Code rules permit the throat diameter to be as large 
as the tube diameter used for the boiler nozzle, that is, a throat 
ratio of unity. But as the throat ratio is increased, a point is 
reached at which an actual safety-valve design does not have the 
desirable poppirig and reseating characteristics, and the high lift 
ratio is not maintained. As a result, the capacity factor may 
have a maximum value; performance at and near this value is 
poor so that the maximum area allowable by the code is not 
realized in the actual safety valve. 

However, even with more conservative values of the throat 
ratio and correspondingly lower capacity factors, the results 
indicate that certain precautions in fabrication and assembly 
of the converging section of the flow passage must be exercised 
to realize the expected high capacities. Concentricity between 
the boiler nozzle and the throat tube must be maintained. 

Projection of the boiler nozzle into the drum is not objectiona- 
ble so long as no object near the entrance interferes with the 
flow. For a welded assembly, the approach of fluid, perpen- 
dicular to the nozzle axis and toward the outside circumference 
of the rounded entrance, is less apt to be interfered with when the 
nozzle does project into the drum than when the outside edge is 
flush with the inside surface of the drum, owing to rough welding 
metal around the end of the nozzle. 

The greatest reduction of cross-sectional area of the flow 
passage is made to occur at the lower end of the nozzle. In order 
to reduce entrance losses to 8 minimum and secure high ca- 
pacities, 2 minimum value of the rounded-surface radius ratio 
must also be maintained. This surface, of which the longitudinal 
crosssection is a full 90-deg arc, normally can be formed entirely 
on present commercial tubes and welding flanges, in particu- 
lar on those for the higher pressures. If the cross section is not 
circular, the surface must still possess a gradual curvature. 
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Otherwise, additional entrance losses are introduced (6). Conical 
surfaces are not desirable at this location for this reason. 

Surfaces of equipment entirely within the drum should not be 
placed too near the safety-valve inlet. The minimum distance 
is governed by the boiler nozzle diameter and the amount of 
flow. The effect of the flat-plate obstruction, although perhaps 
not typical of objects located within the steam drum near the 
safety-valve nozzle, provides a guide as to the amount of re- 
duction to be expected. Present marine-boiler construction 
practice places equipment within the drum near the inlet to the 
safety-valve nozzle that, if close enough, can materially alter the 
ideal approach flow pattern. 

In some installations, welding rings are used inside the boiler- 
safety-valve nozzle to weld the nozzle into the drum. This 
practice would affect seriously the entire performance of the new 
design and could not be permitted. 

Greater capacities than in the majority of the top-guided-type 
safety valves installed at present are possible if these precautions 
are taken. At present the exercise of these precautions is not 
entirely within the control of the safety-valve manufacturer. 
Even if the ideal boiler-safety-valve nozzle were tobe supplied with 
the safety valve by the safety-valve manufacturer, satisfactory 
performance would not be assured unless they were installed with 
the foregoing precautions being taken. New or revised Boiler 
Code rules covering the installation of maximum-capacity safety 
valves may be essential. It is suggested that the following items 
be considered in establishing new code rules for high-capacity 
safety valves: 


1 Welding rings should be prohibited in the boiler-safety- 
valve nozzle. 

2 Rounded-surface entrances are requisite. 

3 Welding metal should not interfere with flow at the outside 
edge of the entrance surface. 

4 Minimum distances from the entrance to other surfaces 
should be specified. 
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Discussion 


James L. Corcoran.® The research work which Dr. Falls has 
described is worthy of discussion as to its significance to the users 


5 Chief Engineer, Consolidated Safety Valve Division, Manning, 
Maxwell & Moore, Inc., Bridgeport, Conn. Mem. A.8.M.E. 
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of safety valves. The principles of design for maximum flow 
through the valve inlet fitting mean a greater utilization of the 
possible theoretical flow than has been the practice. This may 
mean, for one thing, the use of smaller diameters of fittings, and 
safety-valve inlets to match. The connection sizes may be re- 
duced by at least one size and possibly more when compared 
with present-day practice. In this case, even considering the 
machining of a rounded entrance, there will very likely be a saving 
over present practice. 

Secondly, the possibility of maximum flow through the valve 
inlet may be utilized with mounting connections of sizes com- 
parable to present practice, in which case the capacity of one 
valve may be sufficient to take the place of several valves under 
present ratings. This of course will be dependent on con- 
siderations as to operating conditions, ete., which would be af- 
fected by valves of higher capacity than those now in use. The 
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ultimate solution to this question may depend on investigation 
along the lines of this work. 

As Dr. Falls has stated, certain field tests have been conducted, 
using the principles set forth in the discussion. The conclusive 
answer to the question of maximum capacity will depend upon 
further work along these lines. 

There is a question which might arise in regard to Dr. Falls’s 
discussion, namely, that of the mounting of superheater valves. 

It might be well to add that in connection with the field tests, 
a service test of a superheater valve built to the entrance speci- 
fications outlined by Dr. Falls was made. The valve performed 
satisfactorily both as to operation and capacity, though there 
were two sharp 90-deg bends ahead of the valve inlet. There 
would therefore not seem to be any difficulty in the way of 
mounting of superheater valves, in which case the practice is 
different from that of drum-valve mountings. 


_— 


-10,000-Kw Railway-Mounted iobnle Steam 
Power Plant for U.S. Navy Department, 
Bureau of Yards and Docks 


By EDWIN LUNDGREN! AND L. R. BIGGS? 


Well-established practice was followed in the design of 
equipment for the two mobile power plants so far con- 
structed, within the limitations of railway clearances 
and need for increased ruggedness to meet road condi- 
tions. The units are intended for purposes of the Navy 
Department at stations on the East and West Coasts, 
wherever a breakdown in power supply or increased power 
demand occurs, where naval work is involved. Details 
are given of the six-car power plant which includes a boiler 
car, turbine car, switchgear car, transformer car, gondola 
car mounting auxiliary equipment, and a box car also 
containing pumps and miscellaneous equipment. A 
comprehensive description is given of the main steam 
generator, the turbogenerator equipment, and all auxilia- 
ries. 


N the early part of 1940, the Bureau of Yards and Docks of 
the Navy Department investigated the possibilities of 
mobile power plants as a desirable part of the defense pro- 

gram for its various activities at the navy yards and naval sta- 
tions. Hull-mounted plants were considered for sea transporta- 
tion, and railway-mounted plants for land transportation. 

The value of such plants, which would be located at strategic 
points for rapid transport, is self-evident. They could be moved 
to any location where a serious breakdown in power supply 
occurred or where a sudden demand for increased generating 
capacity was desired in important navy yards or naval stations. 

Since this time, the recognition of the general idea has resulted 
in the construction of mobile power plants on barges and special 
trucks, and in the construction of a number of railway-mounted 
power plants for shipment to our Allies, particularly the Russians. 

The Navy Department decided to build two railway-mounted 
mobile power plants each of 10,000-kw capacity, one unit to be 
stationed on the West Coast and one on the Hast Coast. A 
contract was authorized by the Secretary of the Navy, and the 
order placed with the General Electric Company for the equip- 
ment; the design to be under the general supervision of the 
Bureau of Yards and Docks and its Chief, Vice-Admiral B. 
Moreell, and the head of the Power Division, Capt: L. W. Bates. 

The general plan was to follow well-established power-plant 
designs with well-tried commercial equipment and work toward 
dependability rather than high efficiency. Of main technical 
interest is the adaptation of this equipment within the narrow 
confines of the clearance limits of standard-gage railway systems. 
The principal dimension of a railroad car is its length; therefore, 


1 Senior Mechanical Engineer, Bureau of Yards and Docks, Navy 
Department, Washington, D. C. 

2 Construction Engineering Department, General Electric Com- 
pany, Schenectady, N. Y. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of Tue AMERICAN 
Society or MEcHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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the ordinarily square dimensions of a power plant had to be 
changed to a status of small height and width and great length. 

Investigation of the routing from a central point to some 35 
locations in various parts of the United States connected by the 
major railroads showed that a car width of 10 ft 1%/, in., and a 
height above rail of 15 ft 3 in. must not be exceeded. 

Particular problems such as supporting the boiler, the tur- 
bine generator, the condenser, and auxiliaries were encountered 
and solved in a satisfactory manner. Distribution of the load 
uniformly on the axles to conform to the requirements of the rail- 
road companies, maintaining clearance for minimum-radius 
curves, and keeping the center of gravity down to prevent over- 
turning were some of the things that had to be considered. 

Certain special designs were required for the main equipment 
to meet these limitations, the turbine exhausting horizontally to 
a special design of vertical condenser, and the boiler design 
being of the straight-through type as influenced by the limiting 
clearance dimensions. Fig. 1 shows the dimensions of the 
various cars. 

A capacity of 10,000-kw for the plant was chosen from the 
viewpoint of desirable vital emergency requirements of many of 
the naval activities, and the approximate maximum size of com- 
mercial turbine equipment that could be installed within the 
clearance limits of the turbine car. 


Srx Cars Maxs Up Powrr Pian 
The power plant is made up of six cars as follows: 


1 Boiler car containing the main steam boiler, the boiler feed 
pumps, forced-draft fan, deaerating heater, fuel tank and pumps, 
air compressors, water tank, and auxiliary boiler. Complete 
arrangement is shown in Fig. 2. 

2 Turbine car (Fig. 3) containing the main turbine, generator, 
condenser, evaporator, 350-kw auxiliary generator, water-chilling 
equipment, lubricating-oil tank, surge protectors, and neutral 
pyranol reactor. 

8 Switchgear car (Fig. 4) containing main and auxiliary 
switching equipment, 50-kw Diesel-engine generator, exciter set, 
storage battery, chemical laboratory, and cable reels. 

4 Transformer car (Fig. 5) containing the 12,500-kva trans- 
former, gas-sealing equipment, and cable reels. 

5 Gondola car (Fig. 6) containing the circulating-water pump 
and motor, the strainers and suction hose, the hose for con- 
necting up the circulating water, and the fuel-oil piping system. 

6 Boxcar (Fig. 7) containing raw-water pump and hose, 
fuel-oil transfer pumps, oil hose, air-conditioning equipment, 
workbench and lockers, wrenches, and electrical jumper cables. 


These six cars occupy a track length of approximately 386 
ft. The length of the train in transit with additional cars, such 
as caboose, oil car, locomotive, etc., is approximately 634 ft. 
The train is designed for a speed of 40 mph maximum and for 
curves of 20 deg maximum, for the whole or unbroken train. 
Minimum-radius curve, 150 ft, requires special individual han- 
dling of the boiler car and the turbine car. 
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Fie. 2 Location or EquipMENT IN BoILER Car 


The boiler, turbine, switchgear, and transformer cars are of 
special design while the gondola and boxcars are of standard 
make, The boiler car complete with equipment weighs ap- 
proximately 450,000 lb and is supported on eight axles. The 
over-all length from coupler to coupler is 89 ft 41/2in. The tur- 
bine car weighs approximately 550,000 lb, has four axles on one 
end and six on the other, making a total of ten. The over-all 
length is 86 ft. The turbine car was designed with more axles on 
one end than the other because of the concentrated load of the 
generator which is inherent in such a piece of equipment. The 
switchgear car weighs approximately 160,000 lb, has an over-all 
length of 63 ft 6 in. and four axles. The transformer car weighs 
approximately 200,000 lb, has an over-all length of 56 ft 5 in. and 
also four axles. 


CONSTRUCTION OF BOILER AND TURBINE CARS 


The boiler and turbine cars are of special interest. The 
horizontal members forming the top and bottom chords of the 
side frame trusses were made by taking a wide-flange beam of 
large section and removing part of the web by slitting with 
acetylene torches then rewelding to obtain the desired section. 
Increased stability in the horizontal direction was thus obtained 
from the wider flanges and the inside clearance was kept to a 
maximum. The truss-web members of the cars were built from 
H-sections welded into place. 

Both cars have a welded underframe supported from the lower 
chord. This is composed of H-sections and is trussed to increase 


the horizontal stability. Owing to the fact that the equipment 


occupies all of the space inside the framing, no cross bracing 
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13 No, 48-M Climate Changer for Turbine Car 
2 No. 30-M Climate Changer 
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could be used where most effective, therefore the bottom and 
roof had to be utilized. The car bolsters were fabricated and 
welded from plate sections and then annealed before welding into 


the car framing. The work was done by the Greenville Steel 


Car Company. ‘Tolerances were kept to +1!/s in. 

The problem of designing the cars so that equipment could 
be placed in them and later removed if necessary was solved 
by making the roof removable and bolting the side plates into 
place. Some details are shown in Figs. 8 and 9. Supporting 
structures and equipment were designed to stand a loading of 
21/2 times gravity in the horizontal direction along the rails 
and 1 times gravity in the vertical direction. The wheel loading 
was limited to 55,000 lb per axle; the center of gravity in the ver- 
tical direction was kept to approximately 82 in. above the rail. 

Owing to the length of the boiler and turbine cars, it was 
necessary to place the draft gear in the end of the span bolster 


which connected the two sets of wheels together, instead of the 
standard practice of placing it in the car frame. This gave in 
effect two short cars upon which the body of the main structure 
was placed. As the bolsters were required to hold a tremendous 
weight, each casting was magnafluxed and X-rayed, then proof- 
tested by loading to 11/, times the weight to be carried. The 
work was done at the plant of the Buckeye Steel Castings Com- 
pany. Fig. 10 shows one of the 6-wheel trucks. Fig. 11 shows 
the completed boiler car and Fig. 12, the turbine car. 

Brakes were of the Westinghouse “AB” type and all of the 
necessary equipment was mounted on the trucks thus making 
two sets of brakes for each car. Braking was designed for ap- 
proximately 25 per cent. 

The side plates on the turbine car were provided with ribs as 
an insurance against high-frequency vibration. The ribs were 
made by pressing ridges into the plate. 
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Fig. 8 Borner Car FRAME BEFORE INSTALLATION OF BOILER 
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Fie. 11 Borner Car Reapy FoR TRANSPORTATION 


Fie. 12 Tursine Car Rpapy ror TRANSPORTATION 


The roof of the three main power-plant cars was insulated 
with approximately 4 in. of ‘‘stonefelt’’ and the side plates with 
a layer of asbestos millboard. The latter was done principally 
to avoid excessive condensation during cold weather. 

The switchgear car was of conventional riveted construction 
with the draft gear located in the center sills. 


STEAM-GENERATOR DETAILS 


One Babcock and Wilcox natural-circulation boiler supplies 
the steam required to operate the power plant. This boiler is 
necessarily compact to meet the stringent space conditions im- 
posed by railroad clearances. The designed full power condition 
is 120,000 Ib of steam per boiler per hour at 560 psi pressure 
and 825 F total temperature at the superheater outlet; when 
generating 10,000 kw. The boiler design pressure is 650 psi and 
the feed temperature to the economizer is 220 F. One hundred 
thousand pounds of steam per hour passes to the main turbine, 


the remaining 20,000 lb of steam per hour, desuperheated to 
650 F in a pipe coil submerged below the water level in the main 
steam drum, is used for such auxiliary equipment as the forced- 
draft blower, feedwater pumps, and the oil-pump turbine The 
maximum, designed, continuous output of the unit is 140,000 lb 
of steam per hour. 

The arrangement of the boiler and its component parts is shown 
in Figs. 13, 14, 15, and 16. 

The furnace is practically completely water-cooled to insure 
long life at the extremely high combustion rate of 416,000 Btu 
per cu ft of furnace volume at full power when delivering a total 
of 120,000 lb of steam per hour. The side walls and a portion 
of the roof of the furnace are of Babcock and Wilcox stud-tube 
construction with plastic chrome ore rammed between the studs. 
Note the crossed stud tubes in the roof arranged to protect the 
steam drum. Water cooling is provided at either side of the front 
wall by stud tubes. The water screen is at the rear of the 
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furnace. The only noncooled surfaces in the furnace are in the 
zone of the burners in the front wall and the floor. 

In order to insure satisfactory combustion conditions at the 
extremely high rates of operation in the relatively cold furnace, 
heated combustion air is supplied to the burners. The air, 
delivered by the forced-draft fans, passes through the air ducts 
and over banks of finned-tube downcomers extending between 
the steam drum and the waterwall headers. The air is heated 
to 320 F at the full power rate of operation, and approximately 
400 F at 2500 kw by the water at saturation temperature entering 
these downcomers. We believe that this is the first applica- 
tion of the finned-tube downcomer type of air heater in boiler 
work. 

Steam mechanical atomization is employed, using five Bab- 
cock and Wilcox Iowa type oil burners, to assure satisfactory com- 
bustion conditions in the cold furnace especially at the low rates 
of operation, and to provide wide-range burner operation, which 
is desirable when full-automatic control is used, without changing 
sprayer plates from 2500 kw to the overload rate of operation. 
The range of operation of the burners is from 510 lb of oil per 
burner per hour, corresponding to 15 psi oil pressure, to 2530 lb 
of oil per burner per hour corresponding to 240 psi oil pressure. 
The steam is supplied to the burners at all oil pressures up to 
100 psi with the steam pressure approximately 20 psi higher than 
the oil pressure. Straight mechanical atomization is used above 
100 psi oil pressure. Number 6 fuel oil, Bunker ‘‘C,”’ is used 
under all operating conditions except when lighting off under the 
cold condition when Diesel or No. 3 oil is used. An electric- 
driven fuel-oil pump of 2 gpm capacity is used for this purpose. 

The boiler is so arranged that the combustion gases flow hori- 
zontally, parallel to the steam drum, through a nine-row water 
screen, consisting of four rows of widely spaced tubes and five 
tows of closely spaced tubes, before the superheater. The gases 
then flow through the convection-type superheater (537 sq ft) 
and the boiler convection bank and the stud-tube economizer 
(1772 sq ft) to the stack. The boiler heating surface is 3195 
sq ft. 

In addition to the circulation provided by the finned-tube 
downcomer air heaters, circulators are placed in the front wall 
and the boiler convection bank behind the superheater. Boxes, 
formed by stud-plated boiler tubes, shield the boiler-convection- 
bank downcomers from direct impingement of the gases of com- 
bustion. 

Dry steam is assured by the installation of 18 Babcock and 
Wilcox cyclone separators in the 42-in. steam drum. 

The entire boiler is suspended from the steam drum. The 
weight of the boiler is carried to the side trusses of the car by 
trunnions fitted over the ends of thesteam drum. The trunnion 
at the front is securely anchored to take the entire buffer action 
of the boiler when the car is stopped and started. The trunnion 
at the rear supports the drum but allows it to slide in a fore and 
aft direction to provide for expansion. Provision is made to 
allow the heating surfaces to expand downward. The front ends 
of the side wall headers are anchored to take the buffer action. 

Combustion air is supplied by forced-draft fans, no induced 
draft is provided, so that all of the boiler is under gas pressure 
relative to the surrounding atmosphere. Except for the closely 
bolted, gasketed panels for access to the superheater and econo- 
mizer headers and tubes and waterwall headers, the boiler 
casings are entirely welded to prevent gas leakage. 

The equipment for providing air for combustion consists of 
two forced-draft blowers operating in parallel on the same shaft, 
driven by a steam turbine. They are designed to deliver a total 
of 56,000 cfm of air against a static pressure of 55in. The blower 
rotors, made of an aluminum alloy, are mounted as an overhung 
structure on the shaft extension of the turbine. The turbine is 
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rated at 740 hp, at 3000 rpm; is supplied with desuperheated 
steam of 530 psi pressure, 650 F; and operates at 5 psi back 
pressure. When starting the plant, the blower can be operated 
at 820 rpm from a 15-hp, 1200-rpm, 440-v induction motor, con- 
nected through gearing to the turbine shaft. The special tur- 
bine was built by the General Electric Co. and the rotors, hous- 
ing, and base were built and the complete unit assemled at the 
shops of the Buffalo Forge Co. Five rotors were made and one 
was tested by overspeeding successfully to 5000 rpm. 


MAIN AnD AUXILIARY Pumps AND Hear EXCHANGERS 


The main fuel-oil pumps consist of two Quimby gear-driven 
pumps, one motor- and one steam-driven. Each has a capacity 
of 35 gpm delivering oil at 350 psi at 1150 rpm. The turbine- 
driven pump is mounted over two Lummus Company high-pres- 
sure heaters having a capacity of heating 15,000 lb perhrof bunker 
C fuel oil from 120 deg to 204 deg F. The shell side of the heater 
is designed for 350 psi operating pressure. Steam at 5 psi is 
used for heating. The fuel-oil pumps take oil from the bunker 
C oil tank located at one end of the car, the oil passing through a 
Lummus suction heater preheating the oil from 80 deg F to 140 
deg F. 

The boiler car also contains the Cochrane deaerating heater, 
having a capacity of 140,000 lb per hr. The oxygen content in 
the heated water does not exceed 0.01 ce per 1 at maximum ca- 
pacity. The heater is of the spray type, the steam supply being 
at 5 psi. All water passing to the heater first goes through the 
continuous-blowdown heat exchanger. Water level is controlled 
by two float valves, one in the supply line from the distilled- 
water tank which is operated by the low-level float, and the other 
in the line from the condenser hot-well pump which is connected 
to the high-level float. With the evaporator in service, some 
water is always discharged to the distilled-water tank through the 
spring-loaded valve located in the condensate-return line. 

The feedwater pumping equipment consists of two 356 gpm 
Ingersoll-Rand booster pumps each driven by a 15-hp 1750-rpm 
motor. The pumps operate with a positive suction head of 4 ft 
against a total head of 90 ft. These pumps discharge into two 
Ingersoll-Rand boiler feed pumps operating against a total head 
of 1793 ft with a suction head of 70 ft. The pumps operate at 
5000 rpm and are driven by 290-hp turbines, actually requiring 
270 bhp. 

The telescoping smokestack, 3 ft 10 in. diam, can be raised to 
a height of approximately 34 ft above the rails when the boiler 
car is in service. During transit of the car and when secured, 
the telescoping sections are lowered below the clearance line of the 
can. 

Other major equipment in the boiler car is the Vapor Clarkson 
recirculating-type steam boiler, manufactured by Vapor-Car 
Heating Company and used to provide initial steam for fuel- 
oil heating, heating the train, and for supplying steam for oil 
atomization at the main boiler when the plant is started in oper- 
ation. It is a forced-circulation water-tube-(coil) type boiler, 
oil-fired with electric ignition, and is designed and equipped to 
operate automatically either for intermittent or continuous oper- 
ation. Steam generation is almost immediate upon starting. 
Full steam-generating capacity is reached within 4 to 5 min 
from a cold start. Maximum evaporation is 1800 lb of water 
per hr at 240 psi, distilled or condensate water being used. 
Light fuel oil is used in the forced-draft burner. 

Two air compressors and three air tanks are installed to supply 
the compressed air for the operation of various controls in the 
boiler, turbine, and switchgear cars, and for use in blowing out 
various pipe lines when the plant is secured. Each compressor 
is rated at 52 cfm and operates at 100 psi pressure. Two Milton- 
Roy chemical pumps and a chemical tank are installed to supply 
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the chemical treatment of the boiler water at the boiler drum. 
The main boiler control board and two auxiliary boards for elec- 
trical control are also installed in this car. Water-sampling 
cooler and two 150-gpm motor-driven distilled-water pumps and 
the distilled-water tank are also included. A complete diagram 
showing the steam, water, and fuel-oil piping is shown in Fig. 17. 


PowkEr-GENERATING EQUIPMENT 


The main power-generating unit consists of a 10,000-kw, 14- 
stage, 3600-rpm turbine, connected to a 12,500-kva, 13,800-v, 
three-phase, Y-connected, 60-cycle generator of General Electric 
Company standard type. Operating conditions for the turbine 
are 550 psi 825 deg FTT at the throttle, and 3 in. mercury abs 


Fie. 14 GrneRAL ARRANGEMENT 


back pressure at the exhaust outlet. It is of the single-cylinder 
design having 14 stages; the first stage being of double-row con- 
struction, the remaining 13 stages of single-row construction. 
The exhaust shell of this standard turbine is modified for hor- 
izontal discharge to accommodate the vertical condenser. For 
easy starting and to insure even cooling of the rotor, the turbine 
is equipped with a motor-driven turning gear and oil pump. 
The turbine is protected from overspeeding by an emergency 
governor and two trip valves. One of these trip valves operates 
through the hydraulic control mechanism to close the control 
valves, while the other functions to dump the oil from the operat- 
ing cylinder of the stop valve, thereby closing this valve. Fig. 18 
shows a cross section of the main turbine, and Figs. 19 and 20, a 
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cross section and end view, respectively, of the main generator. 

The unit differs from the usual design in that the steam flow 
in the turbine is away from the generator instead of toward it. 
The turbine is connected to the generator frame through a ball- 
and-socket connection to allow the outboard or exhaust end to be 
adjusted to correct any misalignment of the shaft. There are 
three main bearings, two of which are supported by the gen- 
erator frame and a third in the exhaust shell. The thrust 
bearing is a part of the middle bearing and is designed to take 
the buffer thrust of the rotor while in transporation. Expansion 
is toward the condenser, and a copper expansion joint is placed 
between the exhaust shell and the condenser inlet. Lack of 
space and complications of piping prevented the use of extraction 
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heating. The generator stator is anchored securely to the side 
frames of the car by body bound bolts and by welded chocks. 
The generator is air-cooled and is equipped with finned surface 
air coolers supplied with water from a circulating system. 

The control of the turbine can be carried out almost entirely from 
the operating room inside the car. The mechanical and electrical 
control boards are located in this space. Pistol-grip type SB1 
switches for control from the operating panel with light indication 
are provided for testing the emergency stop valve and for tripping 
the emergency oil trip valves, for tripping the emergency stop 
valve alone, and for resetting the oil trips. Control from the 
operating panel is provided for the motor-operated speed gover- 
nor to permit synchronizing and for operation of the main steam- 
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control valves functioning through the auxiliary pilot valve. 
The mechanism which operates the turbine load-control valve 
can be operated at the turbine by hand or remote operation 
electrically at the control board in the turbine-operating room, 
or through transfer switches from the switchgear car. Selsyn 
indication on the control panel indicates the position of the 


valve and also indicates the load which is being carried. An’ 


electric tachometer is provided for use in indicating turbine speed 
for the warming-up cycle. Several other valves can be operated 
from the turbine room, such as live-steam supply valve for seal- 
ing high-pressure packing during starting, packing leak-off valve, 
above-seat and below-seat stop-valve drains, high-pressure water 
packing feed and drain valves, and low-pressure water packing 
feed valve. Control of the synchronizing motor is ordinarily 
switched to the generator board in the switchgear car from which 
the unit is synchronized. Fig. 21 shows the location of the con- 
trolling mechanism for the 10,000-kw turbine. 

Other equipment installed in the turbine car includes the 


following items: The evaporator for make-up water which is of 
the single-stage type using steam in the coil at 5 psi and ex- 
hausting at approximately 25 in. of mercury vacuum on the 
vapor side. A total of 7000 lb of raw water per hr can be evapo- 
rated. The vapor is condensed in the main condenser and is 
pumped back with the the general condensate. The Lummus 
Company steam-jet refrigerating unit, operating with two booster 
jets, has a capacity of 70 tons per hr. The chilled water is de- 
livered at approximately 50 deg by a 180-gpm pump to the 
air-conditioning units on the boiler and turbine cars, The air- 
conditioning units are standard demountable types as manu- 
factured by the Trane Company, and when in service are bolted 
to the roof of the cars. The units are also arranged for heating 
the ventilating air for winter service. Air conditioning was pro- 
vided to make the plants suitable for operation in all kinds of 
climates from 110 F, to many degrees below zero; also for 
operating in bombproof or splinterproof shelters. 

The condenser is designed for condensation of 112,000 lb per hr 
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steam with 70-deg F circulating water requiring 6420 gpm, de- 
sign pressure 3in. Hg abs. Approximately 4230 aluminum-brass 
tubes °/, in. diam 18 Bwg, 9 ft 21/2 in. long are rolled at both 
ends in Muntz-metal tube sheets. The total effective tube 
surface is 7300 sq ft. There are four passes for the circulating 
water. Flanges for connecting the circulating-water line are 
provided on each side of the condenser to suit inlet and dis- 
charge requirements on the actual site where the plant is oper- 
ating. The hot well is located at the steam-entrance end of the 
condenser, Fig. 22 shows a section and plan view of the con- 
denser. 


SrTeAM-DRIVEN AUXILIARY GENERATOR SET 


The steam-driven auxiliary set consists of a 350-kw, 0.8-pf, 
5645-rpm steam turbine, and a 1200-rpm generator with a 125-v 
direct-connected exciter. The set is rated 350 kw at normal 
steam conditions of 550 psi, 825 deg F total temperature at 
the throttle, and 3 in. abs back pressure at the turbine-exhaust 
flange. This set primarily furnishes power for the circulating- 
water pump when the plant is started in operation at any par- 
ticular location. The set will also carry 275 kw with steam 
conditions of 550 psi, 825 deg F total temperature, 0 psi back 
pressure for operation of the pump until vacuum is established 
in the main condenser and the turbine can be shifted to con- 
densing operation. 

In addition, the turbine car also carries the evaporator blow- 
off pump, condensate drip pump, all auxiliaries for the con- 
denser, such as air ejectors with inter- and after-coolers, two ver- 
tical condensate pumps, salt-water booster pump supplying 
cooling water to generator air coolers, turbine oil cooler, and 
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distilled-water cooler for bearing oil. The main turbine oil 
tank also included has a capacity of 800 gal. 


Derails oF SwITCHGEAR CAR 


The switchgear car is shown in Fig. 23, In this car is located 
the 18,800-v switchgear, consisting of a single oil circuit breaker 
of the vertical-lift removable type, rated 15,000-v,1200-amp, 500- 
mva interrupting capacity. Here also are the control panels for 
the 10,000-kw turbine and generator, including such equipment 
as exciter-field rheostat, potential transformers, field switch, and 
voltage regulator. A 450-kva 13,800/480-v auxiliary power 
transformer for use after the plant is in operation is installed. 
The 50-kw exciter set for the main generator, and the 50-kw Die- 
sel-engine generator set are included in this car. The 50-kw 
0.8-pf, 60-cycle-480-v-1200-rpm Cummins Diesel-engine gen- 
erator set is used when starting up the plant from a cold con- 
dition. This auxiliary power, as previously mentioned, is used 
for the starting oil pump, starting of the combustion blower, 
minor pumps, etc. The 350-kw steam-turbine generator set 
can later be synchronized with this Diesel set. 

Electric power for starting up the plant can be obtained from 
three sources: 

1 Shore power of 480 v where available can be plugged into 
the auxiliary bus. 

2 Power of 13,800 v can be fed back from the substation 
through the transformer car into the switchgear car and stepped 
down to 480 v by the 450-kva auxiliary transformer. 

38 The 50-kw Diesel-engine generator. 

The 480-v auxiliary switchgear and a 25-kva lighting trans- 
former are installed in this car. Where no power is available 
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TABLE 2 


Main Condenser 


Part No. Name of Part 


1 Shell 1/2-in. 
Top Tube Head 


Water required GPM |. 22s cssccs ciacivic cvleiciecisiec OLLO 2 B 

ottom Tube Head 
Friction loss through condenser .....-.---- 15.25 4 3/4-in. OD Sas 
Mmrrective. SunfLace Sq Lbisrerswisiceciscistetselslalsie om oOO = Wonsie liad 
NO. PASSES .occcccccccovsese secccccccccccse & 6 Ring 
Shell thickness <. tenes snoeiece oem Coa. 7 Ring Head Cover 
Water boxes material ...ereerserceccecce eee CI 3 Ring Head H.H. Plate 
Tube héads thickness. ....secccccee ccs sce res l/O=in. 9 Hot Well re 
Tube heads material Muntz 

Bl cece reece ccerececccrees 10 Hot Well H.H. Plate 

TUBES. SEZEO co's cine e civ Selics a:oa'o os siete ewes eC / A= ine <= ePORONG: 11 Support Plate . 
Tubes ‘matertal sc. .ccials« pisiee ce dielceseisce cen geUll nun DLARS 12 Beffle Plate 


Approximaite "No. tubeS Vuileweccciscscicecisicesiee LOOO 


13 Cooler Plate 


Length overall’). ciesetete cee eee eee Re oll) caine 14 De 

flector Plate 
Tube fastenings .......sseeeeereeoeceeeeeee Rolled both ends = Ee OS 
Weight empty pounds: Js. cccesasescercoensves MIOLU 16 Angle Brace 
Weight in Service .essscesesccccccccecerees 65270 17 Shelli Manhole Plate 
Weight Flooded cscscccecvescvesesccorcscres, COUTO 5 


Fie. 22 Snorion AND PLAN ViEWs OF WORTHINGTON CONDENSER 


for lights before the Diesel engine is started up, emergency lights 
are supplied with current from the 48-v d-c control battery. The 
car also houses the cable reels for 3 single-conductor 600,000 CM 
cables each 500 ft long, and 3 single-conductor CM cables each 
250ftlong. The reels are shown in Fig. 24. 


EQUIPMENT IN TRANSFORMER CAR 


The transformer car is shown in Fig. 25. This car contains 
the 12,500-kva transformer unit, consisting of a combined trans- 
former and auto transformer of special design for mounting on 
the car. The transformer is the forced-air-cooled gas-seal type; the 
core and coils being specially braced in the tank to withstand 
the strains imposed by transportation over railroads. All high- 
and low-voltage bushings are brought out through the side of 
the transformer tank into fabricated-steel enclosures welded to 
each side of the tank. A large bank of cooling tubes is assembled 
at each end of the transformer tank. Located under each bank 


of tubes are eight weatherproof fans mounted in a rack which is 
supported over an opening in the car floor. Doors made of 
heavy screening are located below the cooling tubes to provide 
protection for the fans. 

The transformer can be operated as an autotransformer from 
13,200 v to 11,500 v at 12,500 kva with forced-air cooling, or at 
10,000 kva, self-cooled. It can also be operated as a straight 
transformer from 13,200 v to 2400 v delta, or 4160 v Y, at 12,500 
kva with forced-air cooling, or at 10,000 kva self-cooled. The 
transformer can also be operated as a combined autotransformer 
and transformer carrying simultaneous loads at 11,500 v and 
2400 or 4160 v, provided the arithmetical sum of the outputs does 
not exceed 12,500 kva forced-air-cooled, or 10,000 kva self-cooled. 
On the car are also mounted various cable reels for connection 
cables to the transformer, and the bare copper cable for grounding 
the system. 
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Fig. 23 SwitcHGearR Car READY FOR TRANSPORTATION 


CIRCULATING- WATER PUMPING SYSTEM 


The circulating-water pumping system consists of two sec- 
tions, each mounted on a separate platform provided with wheels 
for mobility. Lugs are provided on each truck for lifting with a 
crane where one is available. Where a crane is not available, a 
ramp is provided for rolling the equipment down to rail level from 
the platform of the gondola car. A view of the car with equip- 
ment is shown in Fig. 29. 

The first section of the system contains a 14-in. Worthington 
single-stage pump, driven by a 285-hp 440-v motor. A Nash 
vacuum pump for priming the system is provided for use in 
moderate weather, and a steam jet for extremely cold weather. 
The second section, which supports the vertical suction hose 
extending down into the supply of circulating water contains 
two Elliott type 105 strainers. Each strainer contains a basket 
having 1/,in-mesh openings. One spare basket has been pro- 
vided for making a rapid change. The pressure drop at 7500 
gpm is about 0.25 psi. Metal baskets with a larger mesh opening 
than in the strainer are provided for the bottom of the suction 
hose. 

Two 20-ft lengths and two 10-ft lengths of 16-in. flanged rubber 
hose are provided to take care of variations in the water level at 
various sites where the plant may operate. The discharge line 
from the pump and discharge from the condenser can be made up 
from twenty lengths of 20 ft each, and five lengths of 10 ft each 
of 14-in-discharge flanged rubber hose. Two sections 14 in. X 
18 in., 12 ft long, provide the connections at the condenser. All 
of the hose was specially manufactured by the United States 
Rubber Company, mechanical goods division, and is similar 
to that used by suction dredges. Fig. 27 shows the mechanical 
connections, and Fig. 28 shows the electrical connections for the 
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Fig. 25 TRANSFORMER CAR READY FOR TRANSPORTATION 


Fie. 26 Crrcunatina-WATER PuMP AND STRAINERS 


circulatmg-water pump. The electrically heated enclosure of 
the priming pump should be noted. A view of the equipment is 
shown in Fig. 26. 

Connections to be made between the boiler and turbine car 
are as follows: The 12-in low-pressure steam line, connected 
through a corrugated expansion joint with standard flanges, the 
specially designed 6-in. high-pressure steam-loop connection 
(Figs. 30 and 31), the 4-in. condensate-return line, and cold- and 
hot-water service lines, distilled-water lines to and from the 
heat exchanger, service air line, 2!/:-in. air-conditioning water 
line, and jumper cables connecting the electrical circuits. A plan 
-view is shown in Fig. 32. 


The connections between the turbine and switchgear car con- 
sists of the two 480-v auxiliary power feeders, the field and con- 
trol circuits, the 13,800-volt connections between the generator 
and switchgear, hot- and cold-water service connections. 


CoMMUNICATION SYSTEM 


An internal telephone system has been provided with four 
permanent stations; two are in the boiler car, one is in the turbine 
car, and the other in the switchgear car. The permanent sta- 
tions are splashproof sound-powered marine telephone systems, 
as manufactured by the Automatic Electric Sales Corporation. 
Two portable units have been provided for use where needed. 
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1 Vent valve Item 268 

2 Pressure gage G-14 

3 Gate valves Item 46 

4 ‘Connecting hose Item C-1 

S Connecting hose Item D 

6 11/2-in. connection for hose, Valve Item 259 
7 11/2-in. check valve Item 261 

8 Drain valve Item 265 

9 Pressure gage pump discharge G-8 
10 Gate valve pump discharge valve Item 4° 
11 Valve Item’ 258 
12. Valve Item 257 

13 Valve Item 262 

14 Valve Item 264, priming water for vacuum pump 
15 Valve Item 263 

16 Strainer valve list Item 275 

17 Valve Item 260 

18 Funnel for pouring water into pump before sterting motor 


i aaa ics = 
SECTION CC 
PUMP HOUSING REMOVED 
are 
NOTE 

A Bolted connections for assembly of pumding unit. 

B Remove plates for access to assembly bolts for 
bolting trucks together. 

c Remove elbow by unbolting at D and E, then bolt 
on suction hose and strainer at C and replace 
entire unit. Use lifting lug for handling. 

D See C. 

E See C. 

F Remove beam at end of truck to get suction hose 


and strainer into place. 


s* Auxiliary steam jet orimer, pressure not to exceed 223 1b sq in. 


20 Drain 
21 Drain valve Item 266 
22 Connection to vriming system Item 267 
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Fig. 28 ExmcrricaAL CoNNECTIONS FOR CIRCULATING-WATER Pump 


Plug receptacles are located at connection points which would 
be near the fuel supply and near the 10,000-kw turbine or which 
could be extended to the location of the circulating-water supply. 
A telephone of the dial type is located at the operating desk in 
the switchgear car. Outside connection to another telephone 
system can be made by this telephone. 

There are seven control boards located in the various cars as 
follows: In the boiler car there is the main control board which 
contains the various metering, indicating, and recording instru- 
ments as supplied by the Bailey Meter Company for operating 
the boiler combustion-control equipment, three-element water- 
level control, fuel-oil supply, and speed control of the forced- 
draft blower. The Bailey electronic type recorders show steam 
flow from the boiler, air flow supplied for combustion, boiler 
drum water level, feedwater flow to the boiler, and also feed- 
water and steam temperature. 

The Bailey steam pressure master controller controls the air- 
operated fuel-supply valve and forced-draft-fan speed as re- 
quired to maintain the load. The forced-draft-fan speed is auto- 
matically readjusted to maintain the measured fuel-air ratio 
for the desired combustion efficiency. Feedwater supply pres- 
sure is automatically maintained by control of the steam sup- 


160 


TRANSACTIONS OF THE A.S.M.E, 


APRIL, 1945 


Fie. 29 Gonpoua Car READY FOR TRANSPORTATION 


Fie. 30 Vinw or HicgH-PressuRE Expansion Loop on END oF 
Borner Car 


plied to the feedwater pump turbines. The feedwater flow to 
the boiler is automaticolly maintained in direct proportion to the 
steam flow from the boiler, and the drum level is maintained 
within predetermined safe limits by Bailey three-element feed- 
water control. Two of the electrical auxiliary boards known as 
Nos. 1 and 2, used for controlling the electrical auxiliary equip- 
ment and the alarm circuits, are included. The alarms show on 
the Edwards annunciator and are connected to a klaxon horn. 


Type AE-1A air circuit breakers are used on the feeders, and 
type CR-7006 magnetic contactors are used for control. 


CoNTROL AND INSTRUMENT PANELS 


In the turbine car the Bailey board contains the flowmeters 
for main and auxiliary turbine generators, the Fulscope tem- 
perature controller, supplied by the Taylor Instrument Com- 
pany for the generator air-temperature regulation, thermometers 
to indicate bearing oil temperatures, vacuum and pressure gages 
for various services, and a tachometer to indicate the speed of 
the main turbine. Various controls are also included, such as 
the emergency governor trip, stop-valve trip switch with in- 
dicating lights, load-limit-control switch, load-control transfer 
switch with indicating lights to show control from the turbine 
car or from the switchgear car, etc. 

The turbine electrical auxiliary board, known as No. 3, is of 
the same design as the boiler boards, having two feeders with AE- 
1A breakers and magnetic-operated contactors for operating the 
motors of the hot-well pumps, booster, and chilled-water pumps, 
auxiliary oil pump and turning gear for the main turbine, as 
well as the alarm system. Lights to indicate which services are in 
operation are provided. 

Two boards are located in the switchgear car. One controls 
the 13,800-v 12,500-kva generator, and the synchronizing and 
loading of the turbine. The equipment on the board consists of 
various relays such as overcurrent, differential protection, and 
reverse power. ‘There are also the synchroscope and instruments 
to show the field and armature current, voltage, frequency, and 
reactive kva. A watthour meter totalizes the output of the 
plant. Provision is made at the back of this board to attach 
the three single-conductor 13,800-v outgoing power feeders. 

The other board is called the 480-v auxiliary board and 
controls the auxiliary transformer, the exciter-set motor, the 
Diesel engine, and the 350-kw generator. The lighting trans- 
former and shore power are attached to this board. The type 
CR-7890-Y1 automatic starting panel for the 285-hp circulating- 
pump motor is also part of this board. AH-1A and AE-1B hand- 
operated air circuit breakers of the draw-out type compose the 
main control equipment of the board. 

Other facilities in the boiler and switchgear cars include a sani- 
tary water system. A tank for the water and a small pump to 
maintain pressure and keep the water circulating so that it will 
not freeze are provided in the switchgear car. The water is 
pumped through the train to the boiler car where it is heated 
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SECTION E-€ 
s 
PARTS ‘LIST 
Part Ko. Name of Part Drawing No. or Description 
2 Buffer Flange 719-42T - Part No. 1 14 Buffer 721-42T - Part fo, 1 
3 Joint Head 719-42T - Part No, 2 15 Tube-turn 721-42T - Part No. S 
4 Joint Body 719-42T - Part No. 5 16 Welding Reducer 721-42T - Part No. 6 
Ss Leakage Box 719-42T - Part No. 6 17 Bearing Ring 719-42T - Part No. ¢ 
6 Joint Body 720-427 - Part No, 1 18 Cap Screw Hex Head 1/2-in. - 13 x 2 1/2-in. long 
7 Sealing Sleeve 720-42T - Part No, 2 19 Bolt Stud 720-42T - Part No. 6 
8 Body Core 720-42T - Part No. 3 20 Bolt Stud 719-42T - Part No. 8 
<) Stop Ring 720-42T - Part No. 4 21 Nut Hex 1/2-in. - 13 
10 Stuffing Box 720-42T - Part No. 5 22 Mut Hex l-in. - & 
pau Packing Gland 721-42T -- Part No. 4 2s Lock Washer 719-42T - Part No. 9 
als Pipe Saddle 719-42T - Part No. 7 24 Packing John Crane Style 6-AM, Size 3/8-in, x 2 Ft. 6 In, 
13 Ring Segment 719-42T - Part No. 3 26 Chill Ring 721-42T - Part No. 7 
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before returning to the tank. Cold and hot water are thus 
available for the washrooms, toilets, and drinking fountains in 
the boiler and switchgear cars, and for the chemical laboratory. 
The chemical laboratory is located in the switchgear car and is 
used for boiler-feedwater analysis. An operator’s desk and 
chair are provided in each car. 

The piping was prefabricated in so far as possible by the Blaw- 
Knox Company before final assembly For the high-temperature 
steam, carbon-molybdenum steel pipe specification A.S.T.M. 
A-209-39 was used, and all joints were welded, except the one 
connection to the turbine stop valve and the thimble between 
cars. Other piping was carbon steel A.S.T.M. 106-39. 

Insulation for the high-temperature piping consisted of a 
layer of Carey Hi-temp No. 12 under a layer of Carey multi-ply. 
For lower temperatures, a layer of multi-ply only was used. 
Where fire hazard existed, asbestos-cloth covering sewed on was 
used, and in other places 8-oz canvas. All covering was given a 
coat of fireproof paint. 

Welding-type steel valves were used on the high-pressure 
steam, oil, and water lines. Cast-iron flanged valves were used 
on the exhaust-steam system operating at 5 psi pressure. The 
valves were manufactured and prepared for welding in the shops 
of the Crane Company, with the exception of one 8-in. valve 
which was supplied by Reading, Pratt, and Cady. 

For the plant setup, the circulating-water pump, the trans- 
former car and the oil-supply cars must be located within the 
limits of the hose, cable, and oil-transfer piping supplied with 
the power-plant unit. These distances are roughly as follows: 
Transformer car to load connection 250 ft; transformer car to 
switchgear car 1000 ft; turbine car to circulating-water supply 
250 ft; fuel-oil supply to furthest tank car 200 ft; raw 
water 500 ft. The setup for delivering bunker C fuel oil to the 
boiler car, as shown in Fig. 33, consists of five sections, approxi- 
mately 20 ft long of 21/2-in. steel pipe for oil, insulated with a 11/,- 
in. pipe for steam. One 50-ft section and two 25-ft sections of 
2-in. hose are provided. 

Two fuel-oil transfer pumps, motor-operated, are furnished 
with hose for connection to the tank car and electrical cable con- 
nections to the boiler car. A float valve is provided in the bunker 
C fuel-oil tank to keep it full of oil. 
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Basic Data FoR MospiLteE PowrR PLANT 


The basic requirements for the mobile power plant are as 
follows: 


Heavy fuel oil (bunker C or Navy special) approximate quantities: 


BOOGSw.; 25:4. sees ce oa baie Oat re Ae opeartae 15420 gal per 24 hr 
TOOO SEW os 2. eet ean @ oitee ienese er seen ee 21900 gal per 24 hr 
POOOO: hewitt Soave bee ktistete ser ak aieslirdke,.cn. Seer eae 29400 gal per 24 hr 
12500 kw 38900 gal per 24 hr 


370 gal per 24 hr 


Diesel engines (at 30 kw).................. 64 gal per 24 hr 


Main boiler (cold to steaming)............. 140 gal 
Electric power load (three-phase, 60-cycle) : 
Direct-connected =... s-maaemae os eee 13800 v 
With sutotranstormer,s. eee se ss cee ae 11500 v 
With: ¥ GOnNeCtON, us > a, esd ae ee: 4160 v 
With delta:connection;2...5°2 45.2 on: 2400 v 
Tank capacities (approx.): 
Bunker oil (boiler car)hesnn ena ate eer 1200 gal 
No: 3: oil (boiler. car):..cocse ae eee 400 gal 
No:'3: oil) (switehgear. car)... 3... sake 280 gal 
Distilled water (boiler car)................ 800 gal 
Drinking water (switchgear car)............ 150 gal 


Water: 
Circulating system, 6820 gpm (avg)........ 
Raw make-up 4 gpm (avg).............-.- 
Sanitary water (drinking) 2 gpm (avg)...... 


7500 gpm (max) 
75 gpm (max) 
10 gpm (max) 


Shore power (optional) : 
Power feeder (three-phase)................ 
Lighting feeder (single-phase).............. 


480 v 
240/120 v 


OPERATING PLAN FOR SYSTEM 


Fig. 33 shows a typical plan setup for operation of the plant. 
In general a level well-prepared track which will hold a wheel 
loading of 55,000 lb per axle without settlement will be satis- 
factory. On average soil, with a good rock ballast about 3 ft 
thick, the plant should run for a reasonable length of time. 
Where level-measuring devices on the turbine car show that ex- 
cessive settlement has occurred, the plant will have to be re- 
moved from the siding and the track releveled. 

Leveling devices are provided for checking both the vertical 
and horizontal alignment of the main turbine generator. The 
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Fig. 33 


TypicaL PLAN OF SETUP FOR OPERATION OF PLANT 
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equipment for the vertical check consists of six liquid-level 
micrometers, details of which are shown in Fig. 34 and located 
as shown in Fig. 35. 

The equipment for checking the horizontal alignment con- 
sists of a set of micrometer pulleys bolted to the side of the car 
and a steel wire with weight attached stretched between the 
pulleys. Measurements are made between the wire and pads 
provided on the bearing frame; details are shown in Fig. 34. 

No. 1 power plant was operated under test for a total time 
of approximately 77 hr 45 min. Table 1 gives the time, various 
loads, and heat rates. 

The test site on which the power plant operated consisted of 
a rock ballast approximately 3 ft thick on top of a cinder fill. 
The turbine operated satisfactorily on this type of track. How- 
ever, it is not known whether the operation would continue to be 
successful if settlement occurred. For emergency operation over 
not too long a period of time, apparently any good railroad track 


TABLE 1 OPERATING DATA OF SYSTEM 


Name of run Corrected — Time Heat rate, 
in kw net output, kw Hr Min Btu/kwhr 
1500 1250 37 15 hoes 
2500 2150 6 15 25200 
5000 4500 3 00 18640 
7500 7500 5 30 17560 
10000 9850 5 30 17570 
12500 12093 3 30 18400 
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will be satisfactory. During test, the track settled under one 
set of wheels approximately 1/2 in. without any apparent detri- 
mental effect on the operation of the turbine. There was a 
change in the side alignment of 0 to 15 mils of the middle bearing, 
caused by the temperature difference from the sun shining on 
the car during the day. The vertical alignment changed from 
0 to 20 mils with the middle bearing going up. This occurred 
during the starting and returned to normal when the turbine 
cooled off, thus indicating that it was a temperature condition. 
In spite of these conditions, the unit operated satisfactorily, both 
coming up to speed and during the active loading. The actual 
setup is shown in Fig. 36, 


TEST AND SERVICE RESULTS OF SYSTEM 


A test was conducted to determine the time required to place 
the mobile power plant in service after it arrived at a certain 
location. Two locomotive cranes and a total crew of 21 men 
were employed. Fourteen hours after arrival, the plant was 
placed in operation carrying 500 kw load, gradually increasing 
to 7500 kw. It is estimated that a crew of 40 men, including 
the specially trained skeleton crew assigned to each mobile 
power plant, could locate and start the plant within 8 hr. 

Since the delivery of the units to the Navy Department the 
mobile plant located in the East has been used for emergency 
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BOLT MICROMETER PULLEY TO THIS FACE 


Rot 
Mut Hex 1/4-tn.-20 Tep 

Serev 

Ad Justaent mut 

Tilting Fork 

Set Screw Sock, H4,5/16-in.-18 Tha 


Pointer 
Screv Flat Hd No.4)40 x 3/B-tny Loag 


OOLT FACE OF BRACKET TO SIDE OF CAR 
AT POINTS DESIGNATED 


Refer to éraving T-B608936 


Brass 
Brass 


Pin - ,063-in, Diameter by 2/8-in, Long 
17 Washer 


18 Machine Screw - Fillet Head No. 8 - 32 x 3/8-in, Long Steel 
19 Machine Screw - Fillet Yead No. 4 - 48 x 3/16-in. Steel 
20 Gasket - 2-in, 0.D. x 1 3/4-in. I.D. x 1/16-in. Thick Rubber 
21 Gasket - 2 1/32-in. 0.D. x 1, 27/32-in. I.D. x 1/16-in. Thick Rubber 
22 Gasket - 3 1/22-in. 0.D. x 2 7/32-in. I.D. x 1/16-in. Thick Rubber 
23 Micrometer Head (Note 2) 

24 Washer - 1/2-in, 0.D. x 3/l6-in. I.D. x 3/16-in. Thick Rubber 


Note 1 - In ordering parts, refer to GE Drawing T-8606028 


Note 2 - Part 23 (micrometer head) as manufactured by the L.S. Starrett Company, 
Athol, Mass, Catalog No. 26 - Page 137, Model 124 - Set A less exten- 
sion rods. 
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LUNDGREN, BIGGS—10,000-KW RAILWAY-MOUNTED STEAM POWER PLANT 165 


Fie. 36 Acruat Sprup on A Test SITE 


purpose: to supply steam at the rate of 100,000 to 120,000 lb 
of steam per hr at one of the Defense Corporation manufacturing 
plants for producing butadiene for the synthetic-rubber program. 
The boiler car alone was used for this purpose operating on con- 
densate without difficulties of any kind. At this writing, the 
entire mobile power plant was moved to a southern city and 
placed in operation to supply emergency service for a public- 
utility plant supplying power to a naval activity. The other 
plant has been set up for stand-by service at one of the Navy’s 
activities and has delivered power on various occasions. 


Discussion 


L. W. Bazes.* It would appear to be somewhat incongruous 
for the Navy to operate railway-mounted power plants and for 
the Army to operate floating power plants. The latter are 30,000- 
kw plants mounted on steel barges, several of which, it is under- 
stood, are destined for use in the European theater of operations. 

The Bureau of Yards and Docks of the Navy Department was 
glad to have pioneered in the development of these railway power 
plants and much credit is due to Mr. Biggs and his associates 
for the excellent design under the difficult conditions imposed by 
railroad clearances. These plants are the largest railway plants 
which have been constructed. Many such plants of 1000, 3000, 
and 5000-kw capacity have since been built, principally for use 
overseas, 

Aside from minor operating difficulties which would be ex- 


3 Captain, U.S.N., Bureau of Yards and Docks, Navy Depart- 
ment, Washington, D. C. 


pected in a new development of this character, operation of these 
units has been entirely satisfactory. 

When the first plant was completed at Schenectady, repre- 
sentatives of the Navy were present to witness the trial run. 
Since the turbine appeared to be operating without noticeable 
vibration, a careful examination was made to determine whether 
it had been necessary to use jacks under the turbine car to cor- 
rect vibration difficulties. No jacks were discovered and the 
only vibration noticeable was a vertical handrail on the outside 
of the car. 

At the time the plants were completed there was no emergency 
power requirement to be met at any naval shore establishment. 
At the request of the Department of Commerce the boiler car of 
one plant was loaned to the Rubber Reserve Company, a sub- 
sidiary of the Defense Plant Corporation, to supplement the 
boiler capacity of a synthetic-rubber plant in West Virginia. 
More recently the entire power plant was transported to Florida 
where it is now being operated in parallel with an 80,000-kw 
central station pending extensive repairs to station boilers. 
This central station serves important naval activities and 
Maritime Commission shipyards in the vicinity. 

Recently, an inspection was made of this mobile plant and it 
was found that it has been furnishing an average of 9000 kw for 
24 hr a day and has been rendering good service. The track 
under the turbine car had settled slightly but this has apparently 
caused no increase in vibration. 

The second of the mobile power plants is located at the large 
Navy yard near San Francisco where it is operated at intervals 
to insure its readiness for service for meeting power emergencies 
in the western part of the country. 
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Locomotor Mechanics and Occupation 


By A. STEINDLER,! M.D., F.A.C.S., IOWA CITY, IOWA 


group of mechanical engineers on the question: ‘‘Can 

Mechanics of Locomotion Be Treated as a Special Case 
in Mechanics?’’ Today, as I follow Dr. Barnes’ flattering in- 
vitation, the question is further expanded: ‘‘Can Time-and- 
Motion Study, which is an outgrowth of mechanics of locomo- 
tion, likewise be treated asa special case in mechanics?’ I am 
confident that I can answet the first question in the affirmative; 
but I am not so sure of the second question, considering the 
complexity of the locomotor problems and the many factors 
outside of mechanical ones which influence the performances in 
refined and complicated industrial activities. 

It is not the question of calculating a motor act as you calcu- 
late a machine; the question is whether a motor act already 
committed can be analyzed along lines of mechanics; and 
whether its performance has been in harmony with existing 
mechanical laws. The reasoning is deductive, not inductive. 
Even though the work of the engineer is committed to mathe- 
matical accuracy, I believe that human locomotion can be in- 
cluded as a special case of mechanics, even though it is neces- 
sary to make certain compromises and approximations. Such 
compromises consist in the fact that we are not dealing with an 
entirely homogeneous material in calculating unit stresses, 
breaking-point determinations, etc., and that we have to ap- 
proximate the body parts to standard geometrical figures such 
as cylinders and truncated cones. Furthermore, we must accept 
average values for physical properties of tissues, although these 
physical properties change during action; for instance, a muscle 
will change its degree of tension during action as well as its 
rotary moment because of the change of the angle of applica- 
tion. To facilitate calculations, we adopt certain approximate 
values for the intrinsic physical properties of tissues. For 
instance, the radius of gyration for limbs is 0.35 of their diame- 
ter for length rotation, and 0.3 of their length for transverse 
rotation, Fig. 1.? 

It is from this basis that the French physiologists, Amar® 
and others, have calculated not only the radius of gyration but 
also the moments of inertia for the different portions of the 
human body, Tables 1 and 2. It appears that the force 
necessary to produce acceleration for rotatory movements 
about the length axis is surprisingly small, as compared with 
the effort necessary for the movement of a perpendicular axis. 

This is of very definite practical value because on second 
thought it becomes clear that thousands of details characteriz- 
ing the various phases and types of locomotor acts are ex- 
plained thereby. We realize why the length rotatory move- 
ments of the body and the limbs play such an important part 
in the accumulation of momentum, since they are being carried 
out with such comparatively little effort. Instances of this are 
the twisting motion of the body in the gait in which the ro- 
tating body imparts acceleration to the extremitics, Fig. 2, 


eer I had the privilege of appearing before a 


1 Professor, Orthopedic Surgery, State University of Iowa Hospitals. 

2 From ‘‘Mechanics of Normal and Pathological Locomotion in 
Man,” by A. Steindler, Charles C. Thomas, Springfield, Ill., 1935. Re- 
produced through courtesy of the publisher. 

3 From ‘‘The Human Motor,’’ by Jules Amar, E. P. Dutton & Com- 
pany, Inc., New York, N. Y., 1920. 

Contributed by the Management Division and presented at the Spring 
Meeting, Davenport, Iowa, April 26-29, 1943, of THz American So- 
ciety or MecHanicat ENGINEERS. 
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FIG. 12 RADII OF GYRATION OF UPPER ARM FOR ALL AXES GOING 

THROUGH CENTER OF THE HUMERAL HEAD, AT DIFFERENT ANGLES 

TO THE LONG AXES, ALL LYING IN THE SAME PLANE (BRAUNE AND 
FISHER ) 


the spin of the discus thrower, the twist of the golfer, or 
many other locomotor activities in everyday life. 

Actually, the calculation of the forces and the work per- 
formed in certain locomotor acts has been possible to a rather 
close approximation. For instance, in the analysis of the 
normal walk, we divide it into the up and down movement, 
the forward propulsion, and the swing. The first component 
of this is determined by the weight of the body times the nor- 
mal displacement times the coefficient which embodies the 
invisible work spent in the so-called restraint, which amounts 
per step, all told, to about 3.952 kg-m. The second part of 
the work, namely, that of forward propulsion, is determined 
by the formula 1/2 * mv*, also multiplied by the coefficient of 
restraint, which is 52 per cent of the propelling force, and one 
arrives at the figure 1.812 kg-m per step. The third pendulum 
movement equals 1/2 w? Im and is determined as 0.281 kg-m 
per step, which gives a grand total of 6.045 kg-m work per step, 
or 7.712 kg-m per m; or, according to Amar’s figure, a value of 
0.119 kg-m per horizontal meter-kilogram, Table 3.* This is 
an approximate evaluation of the work actually performed by 
the muscles during the gait. The values of Dr. McClintock 
and Paisley give the average cost somewhat higher, 0.23 kg-m 
for work per horizontal meter-kilogram. 

Even with those variations, we see that an approximate idea 
of the actual work can be obtained. The same may be true in 
calculating the work for the ascending or descending walk, or 
the work atrunning. For instance, the calculation of the work 
in jumping, that is, the visible work performed, would be on 
the basis of work equals 1/2 mv, for a man weighing 65 kg, 
leaving the ground at a speed of 8 m per sec, and would amount 
to about 212 kg-m, or, in addition to the preparatory run, about 
300 kg-m for a space of 6.5 m covered, or about 0.77 kg-m per 
meter-kilogram. This, of course, would show again that the 
work performed by jumping, Table 4, is much higher than 
that covering the same distances in the walk. 


Erricinncy or Work PrErrorMED 


It is on this basis that kinesiologists have tried to establish 
the coefficients of efficiency for any work performed. The 
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168 TRANSACTIONS OF THE A.S.M.E. APRIL, 1945 
TABLE 12 MOMENTS OF INERTIA OF DIFFERENT PARTS OF 
HUMAN BODY (FROM JULES AMAR?) 

Adult weight P =65 kg. 
Parts of Mass | Shape assumed for the Calculation and the i: pote 
the Body kg manner in which the Calculation is done + in 
cm? kg 
Bust (trunk * Cylinder of height k= .88m 8,600 
and Head) | 32-5 kg radius r=.13m 
50% of tot. wt. g (axis of reference: axis through base of cylinder 
and axis of cylinder.) 
Upper Arm | 3 20 kg | Treated as truncated cone. Center of gravity, 33 
.145 m from shoulder; k=0.35 m (height) 
g r=0.047M. 7,;=0.040m. 
Forearm 2.04 kg | Sameas upper arm: Center of gravity 0.54 on 37 
g shoulder; kh =0.35 m.;r=0.045 m;7;=0.027 m. 
Fingers Approximately V 0.04 
IV 0.12 
IIf 0.14 
II 0.12 
I 0.06 
Whole upper 4.20 kg Treated as truncated cone: Center of gravity 300 
Limb 0.32 m from shoulder. k=0.70.m; r=0.047 m 
g T,=0.027m 
4-4kg | ** Treated as truncated cone: 
Lower leg g h=0.44; 1 =0.062; 71 =0.038 130 
Whole Limb | 12 kg h =0.88; r =0.086; r, =0.038 1460 
ae a 
* Formula for moment of inertia for cylinder referred to axis perpendicular to} axis 
of cylinder and thru base of the cylinder: J= M/12(3r?+-47) 
** The center of gravity in the lower limb of adult is 0.38 m from hip joint. The 
radius of gyration can be found from J = M- p? which gives p=0.34 m 
TABLE 2? VALUES OF RADII OF INERTIA pp) FOR AXES 
THROUGH CENTER OF GRAVITY FORMS ANGLE a@ WITH AXIS e b 
OF THE EXTREMITY (FROM 5° to 5°), IN CM FIG. 2? BALL THROWING 


b, Delivery.) 


(4, The wind-up. 


Angle of the ‘ 
petal a ae eee sea Wi ay Ba balance sheet for any utilization. Nevertheless, even in the 
zs a >a = rr living motor, the efficiency degree can be determined by gaso- 
°° wee sits me TBs metric methods. Ofcourse, we must make certain reservations 
s 459 3-45 3-95 a as follows: 
ae ae gia: a5 ae 1 We will have to consider the expenditure of energy neces- 
5 os ack 4.17 5-21 sary to the maintenance of the vital functions, so-called basal 
se hte Mes eas ee metabolism, which amounts to 1450 to 1550 cal per 24 hr. 
- sot Ses og pit 2 In addition, some portion of the energy consumed leaves 
os 9.08 ae Bos Ate the body unutilized through feces and urine; about 10 per cent. 
ss. 9-56 2-9 ae “a 5, A great deal of energy is expended on actual muscle work 
65° wos 8.63 ies aisy but is absorbed by postural attitudes, fixation, and stabiliza- 
70° 10.66 8.91 7.46 10.23 tion of the extremities before any actual work is performed, 
is ae i St eile atte, ee 
: -09 
85° 11.18 9-38 7-84 10.80 
= ae his eal ee COMPUTATION OF EXTERNAL WORK IN HUMAN 


‘eT = m p? + m ée? for rotation about a joint axis perpendicular to the longi- 
tudinal axis of the limb. 


problem becomes the more complex the more specified the 
motion. But, on the other hand, we can recheck the correct- 
ness of the locomotor act already performed in relation to its 
conformity to the accepted mechanical laws. The more ef- 
ficient the motion, that is, the higher the efficiency quotient, 
the more it can be considered to be consistent and subservient to 
these laws. 

The manner of determination of the efficiency belongs to the 
field of thermodynamics on the basis of Joule’s thermodynamic 
equivalent, which is established as 1 kg-cal, equivalent to 427 
kg-m of work. Inthe human body, which is also a combustion 
engine, part of the potential energy is transformed into kinetic 
energy, but the fate of this potential energy is fourfold. A 
small portion is lost in urine and feces; a larger portion ap- 
pears as heat necessary for the function of the body; a third 
portion is transformed into kinetic energy; a fourth portion 
remains stored in the body as potential energy. Under these 
circumstances, obviously it is much more difficult to devise a 


TABLE 3% 
GAIT, T 


WEIGHT 65 kg., RESTRAINT 52% 


T, Vertical Oscillation (40 mm.) 
(WxD) = 65x0.04x1.52 = 3.95 kgm/step 


Tp Forward propulsion a m vit 
= % x $2, x 0.6" x 1.52 = 1.81 kem/step. 


V1-V= 0.6 m.) 


Ts (Swing,cy = 126°; 4 wy* I) = 0.281 kgm/step. 
T = 6.045 kgm/step = 7.712 kgm/m = 0.119 kgm/m kg. 


TABLE 4 WORK IN JUMPING 


| 


= 65 kg., Distance 6.5 m., Speed 8 m/sec. 


Tagmve asx ee, x 8? = 212 kom. 


with prepare tory, run ay He kgm. 
J OTT k m kg. 
SEN Ses = gm & 


STEINDLER—LOCOMOTOR MECHANICS AND OCCUPATION 


It is obvious that in certain motor acts in which the whole 
body takes part in the visible work, for instance, in walking or 
in climbing, the ratio between work and energy consumed is 
to be computed simply by subtracting the basal-metabolism 
expenditure plus about 10 per cent of the calories taken which 
pass through the body unutilized. If we assume that of the 
total heat energy available, 50 per.cent is consumed in resyn- 
thetization of the metabolic products, we would place the 
maximum potential efficiency for any human act at about 50 
per cent. . 

Such a maximum figure cannot be obtained in actual life, 
even in the most automatic and skillfull motion such as walking, 
which has an efficiency coefficient of 33.5 per cent. 

In this manner the efficiency of certain movements has been 
established under different working conditions. For instance, 
in the cranking of wheels of different sizes, weights, or heights, 
Fig. 4and Table 5, we see a caloric value which varies with 
the arrangement, the lowest expenditure of gram-calories per 
meter-kilogram of physical work performed in this particular 
arrangement being about 18 per cent efficiency. 

In this same manner we have established the optimum ef- 
ficiency for all kinds of work; for example, filing (9.4 per 
cent), weight lifting (8.4 per cent), while cycling goes as high 
as 36 per cent. 

It is taken for granted that in athletic performances the ef- 
ficiency is high, because the work is skilled and well trained. 
In military activities, the efficiency maximum has been found 
by trial-and-error methods, just as it is being found in time- 
and-motion studies. However, it is remarkable how close the 
empiricism will come to accurate laboratory determinations. 
For instance, military experience establishes the optimum 
average marching velocity at 4.2 km per hr with a cadence 
of 115 steps per min, 78-cm step length, anda load of 35 to 50 


ENEREGY EXPEND 
OCCUPATION 


NERGY EXPENDITURE FOR 
” 3 TIME OF LEISURE Dale F000 
VALVE = = 
3,000 CAL Goce CAL. 


‘BASAL METABOLISM. 


UNUSED ENER&Y OF FoOoo 
INTAKE 


FIG. 32 RELATION OF BASAL METABOLISM, UNUSED FOOD ENERGY, 
ENERGY EXPENDITURE DURING LEISURE, AND ENERGY EXPENDI- 
TURE DURING WoRK (ATZLER*) 


lb. The physiologists, when they undertook the same prob- 
lem, found a minimum energy consumption and therefore 
the maximum efficiency obtained at a speed of 4.2 km, load of 
15 to 18 kg, findings which come extremely close to the em- 
pirical findings of the Army regulations. 

This criterion of efficiency by which we can determine the 
standard skill is, of course, also applicable under pathological 
conditions, particularly so when we try to evaluate operative 
reconstruction. For example, let us take a case of congenital 
dislocation of the hip that has been reduced, or a flail limb that 
has been stabilized; usually the clinical evaluation is made 


4 From “‘K6rper und Arbeit,”’ by E. Atzler, Leipzig, 1927. 
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TABLE 52 ENERGY EXPENDED IN SMALL CALORIES PER 
METER-KILOGRAM WORK CRANKING WHEELS OF DIFFERENT 
RADII, DIFFERENT WEIGHTS IN KILOGRAMS (6.5, 13.0, 26.0, 
32.5 KG) AT DIFFERENT HEIGHTS FROM FLOOR (55.3, 82.7, 
114.3, 162.2CM). THE LOWEST FIGURES, GIVING THE SMALL- 
EST CALORIC EXPENDITURE, GIVE THE HIGHEST EFFICIENCY 


(ATZLER*) 
Elevation of , Work in Meter Kg. per Revolution 
Crank Axis | Radius 
above Floor g 
in Centimeter| t@nk 6-5 13.0 19-5 26.0 32.5 
23-3 
17.1 
16.5 
26.0 
15-7 
14.6 
“5 
Ae 
fy 
BB Sie: 
22.2 
~—— 


ENERGY EXPENDITURE IN CRANKING WHEELS OF DIF- 
FERENT SIZES, WEIGHTS, AND HEIGHTS 


FIG. 44 


by observation of the walk or by moving pictures, but these 
observation photographs and even movies represent always a 
concentrated momentary effort and give no information as to 
the real efficiency and endurance the patient has acquired by 
surgical means. It is therefore of interest to check up on the 
patient’s performance by establishing the efficiency of the 
motor acts in terms of caloric expenditure. We know before- 
hand from observing the gait, particularly the greatly in- 
creased oscillations and swayings' of the body in a spastic or 
scoliotic, in a case of infantile paralysis, or in a case of muscular 
dystrophy, that there is an inordinate amount of expenditure 
and that the gait is costly, Fig. 5a, b,c, d, ¢. 

Much more accurate information will be gained by actual 
calculation of the increase in energy output of the particular 
patient over that which would be expended in the normal gait 
(for details see Tables 6 and 7).? For instance, in infantile 
paralysis, it is not unusual to find the expenditure for the gait 
on a treadmill to be increased 150 per cent, and in spastics even 
more. In muscular dystrophy we found it increased as much 
as 330 per cent above the norma] caloric output in gram-calories 
per horizontal kilogram-meter. 

It is obvious that the greater the percentage is which the 
actual visible work performed occupies in the total energy out- 
put, including the basal metabolism and wastes, the greater 
also will be the accuracy by which the efficiency of the par- 
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VERTICAL OSCILLATIONS 


FIG. 5? 


(4) Scoliosis (c) Scoliosis 

(4) Spastic case 
ticular motor act can be measured. To demonstrate this point, 
let us take the work of a lumberjack. If the intake of the 
lumberjack is 6000 cal per 24 hr, 2000 of which are used up in 
basal metabolism, and there may be another 600 to 1000 passing 
unutilized, it is obvious that the energy required for actual 
work is more than 50 per cent of the entire energy output. The 
movements carried out are simple and can be calculated, so that 
an efficiency index on the basis of the caloric value of the actual 
physical work performed, compared with the caloric values of 
energy consumed, will be comparatively easy and quite ade- 
quate. 

As soon as the actual visible work, however, occupies only a 
lesser part of the entire energy output, we can see, of 
course, that these calculations will become increasingly in- 
accurate, especially in those occupations which require ac- 
curacy and which therefore postulate the preparatory as- 
sumption of certain rigid postures and attitudes. Two things 
seem to be deducible from these facts, (1) that a great deal of 
attention must be given to the preparatory attitudes such as 
sitting, standing height, bending height, etc.; and, (2) that, 
in the calculations of optimum conditions for finer work, we are 
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(e) Progressive muscular dystrophy 


more and more dependent upon observational and empirical 
than on actual calculative methods. 


ENDURANCE AND FATIGUE 


It is common practice to measure the efficiency of the work by 
endurance, calculating that the longer a certain work can be 
catried out before signs of fatigue and exhaustion set in, the 
more economical and therefore the more efficient such motor 
actsmust be. We should definitely distinguish between fatigue 
in the engineering and fatigue in the physiological sense. In 
the engineering term, it means that, after a great number of 
stresses, failure appears at the stress lower than the ultimate 
strength of material. Fatigue in the engineering sense is ir- 
reversible. But fatigue in the physiological sense is a reversible 
process, at least to a large extent, and the human motor fore- 
casts excessive stresses and impending failure much sooner by 
signs of physiological fatigue. This results from the fact that 
the human motor is endowed with an extremely delicate and 
complicated system of sensory receptors which record stresses 
minutely in the brain, and thereby produce a premonitory 
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726 


INCREASE IN ENERGY OUTPUT OVER THAT 


EXPENDED IN NORMAL GAIT IN CASES OF SCOLIOSIS, AND EXPENDED IN NORMAL GAIT IN CASES OF INFANTILE PA- 


TABLE 625 INCREASE IN ENERGY OUTPUT OVER THAT TABLE 
ARTHRITIS 
A. FORM 
b ee — =. —— 
Total 2 Per Cent 
NAME AGE Gm. Cal. ane aa Di ee Above 
per H. Kgm. ore Nopinial 
GROUP I—SCOLIOSIS 
R.H. 11 | — brace 48418 -63366 .14948 9} —23.59 
+ brace -45694 -63366 .17672 —27.89 
KG 12 — brace "$8271 -61661 .03390 —5.50 
| + brace 65875 .61661 04214 6.83 
LH i 13 | 72904 .59672 .13232 FAD Uf 
cs: 13 .51834 .59672 .07838 413.14 
G.A. 14 1.50580 -61678 .88094 44.16 
V.B. 15 1.30289 .56262 - 74027 131.58 
A.L. 15 .97984 -56262 .08920 74.16 
(aft. 9 mo.) -96060 .56262 .39798 


B, FUNCTION 


GROUP II—ARTHRITIS, CONGENITAL DISLOCATION OF THE HIP 


GC. 15 -65182 56262 08920 15.85 
ae E.G; 32 -99007 -51432 47575 92.50 
K.B. 47 1.01201 49727 51474 103.5% 


phenomenon of fatigue and incoordination. 
ticularly to the muscles. 

The exertion of a muscle fortunately can now be recorded by 
means of action-current pictures much better and much sooner 
than was possible before Einthoven’s discovery. At that time 
we knew little of the physiological properties of the muscle 
except that it possessed a certain degree of contractility, and 
that the strength of the muscle contraction depended upon the 
quantitative amount of muscle fibers which were simultane- 
ously involved in contraction. 

By means of these action-current pictures, we can follow up 
voluntary contractions of the muscle and demonstrate them 
on the living. We see that both resistance and speed modify 
the action-current curve, and that it is different according to 
whether motion is carried out loosely or in the free swing, or 
under a strain, as in the so-called directed motion, Figs. 6 and 
te 

The free pendulum swing requires only a momentary impulse 
at the motor end plate, both in the synergistic and antagonistic 
muscle. The greater the impulse, the faster is the swing, and 
the sooner the antagonistic check to restrain motion appears at 
the proper time. Consequently, we see also in the co-ordinate 
and directed motion, which is the usual motion, that there is no 
such syncopation and alternation between synergistic and an- 
tagonistic muscle. The greater part of all muscular effort 
serves to produce stability as the foundation upon which the 
actual motor effort is superimposed; and, consequently, we see 
a continuous action-current play both in the synergistic and in 
the antagonistic muscle, Fig. 8. 

When resisted motion is made more difficult by continually 
adding to the external load, the amplitudes of the action cur- 
rent not only become high but more and more irregular, and 
the discharges at the motor impulse resemble a peloton fire or a 
machine gun. The amplitudes go still farther until the limit 


This applies par- 


5 Tables 6 and 7 show in percentages of excess gram-calories per hori- 
zontal meter-kilogram great variations; from 6.83 per cent (scoliosis) 
to a maximum of 325 per cent (progressive muscular dystrophy, after 
exercise) above Roraal, This means that walking efficiency in these 
cases (all ambulatory) is decreased from 35 per cent normal to as low as 
10 per cent. 


RALYSIS, SPASTIC PARALYSIS, AND MUSCULAR DYSTROPHIES 


NAME AGE sae reas nae? Phas ais 
per H Kgm. . Gm. Cal. Normal 
GROUP I—INFANTILE PARALYSIS 
iba 6 84145 .72033 12112 16.81 
Bars 8 1.09630 68351 41279 60.39 
E.M. 9 .88632 .67283 .21349 31.73 
C.H. 10 1.55052 -66082 .88970 | 134.64 
HT. 12 .93572 .61661 31911 51.75 
ML. 13 1.28400 .59672 68728 | 115.18 
RS. 13 .74091 59672 14419 | 24.16 
46095 58251 .87844 | 150.80 
W.G 77995 .60475 .17520 28.97 
RW. 1.20953 .60475 .60478 | 100.00 
eG: —shoes | 1.36744 |  .59674 .77070 | 129.15 
+shoes | 1.14700 .59674 .55026 92.21 
M.K 1.29904 (52852 .77052 | 145.79 
V.H .70231 52426 .17805 33.96 
GROUP II—SPASTIC PARALYSIS 
R.R. 9 1.73830 67283 | 1.06547 | 158.38 
F.H. 11 1.47206 .64880 .82326 | 126.89 
V.H. 15 1.50481 -60475 90006 | 148.83 
V.S, 16 1.27578 54699 .72879 | 133.24 
GROUP III—MUSCULAR DYSTROPHIES 
BS: 1.19749 .53667 81.21 
EK 1.78972 ; 1.17296 | 190.18 
MK. 1.96224 : 1.37885 | 236.35 
F.G. Bed rest 84692 .33829 66.51 
Exerc.2days} 2.16230 1.65367 | 325.12 
« COMBINED 
MOLIOSIS AND SPASTIC PARALYSIS. 
= ee rn ! 59672 > 15257 25.57 
B.K. 130 + brace 08554 59672 08882 14.88 
— brace 397548 .59672 .37876 63.47 
alter 9m) j | + brace | 72876 59672 12704 | 27.29 


of muscle capacity is reached, that is, when one enters the 
threshold of exhaustion, it is noted that the muscle assumes 
chronic contraction, its amplitudes are high, and the impulses 
become more grouped so that the motor discharges resemble 
more the salvo type of firing, Fig. 9. The explanation is 
obvious because, to understand fatigue one must remember that 
prolonged contractions are only made possible by the arrange- 
ment of alternation in the activity of the individual constitu- 
ents of the group of muscles. Each muscle fiber contracts at 
maximum, according to Sherrington’s law, and only by alter- 
nating the different muscle-fiber groups in rotation is it possible 
that a sustained contraction may be obtained. 

However, the action-current picture gives only one special 
feature of fatigue. There are many ways of measuring fatigue, 
including ergographic methods, manometric methods, etc. 
We generally consider fatigue as a completely reversible process 
which disappears when the lactic acid accumulation in the 
blood and in the muscle has been taken care of by increased sub- 
sequent oxidation, Fig. 10. 
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FIG. 6 ACTION CURRENT FROM ANTERIOR AND POSTERIOR POR- 


TIONS OF THE DELTOID 


(Top—Free forward and backward swing. Center—Complete alterna- 
tion of current. Bottom—Short duration of motor impulses. From 
Wachholder. ) 


FIG. 7 ACTION CURRENT FROM ANTERIOR AND POSTERIOR DELTOID 


Higher 
From 


(Free forward and backward swing with increased velocity. 
curves; precocious antagonistic action. Perfect alternation. 
Wachholder. ) 


What makes it so difficult to evaluate fatigue is the fact that 
it is by no means entirely or even principally a muscular phe- 
nomenon. In so far as the muscles are concerned, we can geta 
measure of the degree of muscular effort from the action-current 
picture as well as from the chemical accumulations in the blood 
and in the muscles. If we define fatigue as a state in which a 
certain amount of work is carried out under increasing sense of 
difficulty and effort, and with constantly decreasing visible 
effect, this definition would of course include all kinds of ataxic 
deficiencies, clumsiness, etc. Evidently such a kind of fatigue 
is not based upon a state of muscle function alone but it also 
has a very definite cerebrospinal component. 

In normal persons the fatigue of the muscle itself is only ex- 
ceptionally the primary factor. The primary factor is usually 
fatigue or exhaustion of the motor ganglion cells. This inter- 
feres, above all things, with the independent and free innerva- 
tion of the muscles, and it leads to mass innervation of muscles 
by which more and more of the neighboring muscles become 
engaged in performance of ordinarily simple and distinc- 
tive motions. Gilbreth conducted the analyses of motion by 
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kinematographic records to establish the time and rapidity of 
fatigue occurring under certain conditions, as well as the period 
necessary for a complete recovery, as it occurs under varied 
conditions of work. His criterion for fatigue always is that it 
involves engaging more muscle groups than are necessary for a 
specific work when performed under absence of fatigue. 

We who are interested primarily in the pathological aspect of 
locomotion and in the reconstruction and recovery of locomotor 
efficiency have a good deal to learn from the engineering concept 
of and approach to the problem of time and motion. We are 
interested also in the phenomenon of fatigue and how its 
threshold can be raised. 


Time-aNpb-Morion Stupb1£s 


In time-and-motion studies, the objective is to find the 
most economical way to perform a certain motor operation. 
This is done by scientific study of the methods, material, tools, 


FIG. 8 ACTION CURRENT IN SLOW RIGID MOTION 


(Agonist and antagonist continually at work. No periodicity. 
Wachholder.) 


From 


FIG. 9 ZONE OF EXHAUSTION WHEN MUSCLE ASSUMES CHRONIC 
CONTRACTION, WITH HIGH AMPLITUDES AND GROUPED IMPULSES 
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and equipment which are used. This, of course, presupposes a 
minute analysis of the movements made by the worker per- 
forming his task. Gilbreth, who is the father of the modern 
scientific way of establishing optimum performances, used 
for the purpose of time-and-motion study photographic and 
kinematographic registrations. It appears to me that several 
cardinal points become apparent in the course of these studies. 

The gasometric method of determining an efficiency be- 
comes more and more uncertain, to the degree that the motor 
acts under investigation form a smaller and smaller portion of 
the entire motor effort expended; that is to say, the greater the 
effort preparatory to the performance of the work, such as 
standing or attitude, etc., in comparison to the expenditure 
of the work itself, the greater naturally will be the inaccuracy 
in determining the efficiency of the particular kind of work. 
Thus we see that the actual work of the lumberjack who is 
using his whole body, or of a man walking or running, can be 
computed in regard to its efficiency in terms of energy ex- 
pended over the actual visible work performed much more ac- 
curately than would be the case of a man who uses his hands 
for the performance of certain intricate tasks. 

It is only natural, therefore, that time-and-motion studies 
have developed entirely along observational and empirical 
lines, and not upon calculative methods of mechanical or 
thermodynamic nature. 

There are some situations in orthopedic reconstruction work 
which may serve as corollary. Probably one of the best ex- 
amples is the spastic because here all operative interference to 
procure alignments of the body or to procure stabilization of the 
joints for static functions are merely episodes, and the treatment 
rests almost entirely upon efforts at substitution and re-educa- 
tion. 

To this end we divide the static functions into their compo- 
nents; for instance, in the maintenance of the lordosis of the 
cervical spine by keeping the head erect, the maintenance of the 
lumbar lordosis by sitting, the upright position with the de- 
velopment of the gluteal and abdominal muscles and the exten- 
sors of the knee. These points are embodied in the first pre- 
requisites for the restoration of function in the spastic, namely, 
the re-establishment of upright posture, Fig. 11. The second 
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FIG. 10 FATIGUE IN A POLIOMYELITIC MUSCLE (PROEBSTER); 
EFFECT OF OVERSTRAIN OR NEGLECT 


FIG. 11 WALKING WITH SKIS IN CASE OF SPASTIC PARALYSIS 


objective is to procure the stability of the weight-bearing joint, 
which means that alignment is not only accomplished but also 
maintained, Fig. 12. The third point is the control of active 
muscle equilibrium which presupposes voluntary muscle inner- 
vation and muscle co-ordination, Fig. 13. Finally, the 
fourth objective is the establishment of well-directed voluntary 
motion, and this depends entirely upon training and re-educa- 
tion. The principle under which training and re-education in 
spastics (and for that matter in other locomotor disorders) is 
catried out, has much in common, basically, with the develop- 
ment of occupational efficiency in the work of an individual. 

The first principle of muscle training is that of relaxation. 
Relaxation means that in the attempt to maintain a posture, 
mass movements should be eliminated and only such muscles 
should be innervated as are necessary for the particular func- 
tion. The principle of relaxation underlies all educational 
progress. We have special methods for very young children, 
especially babies. 

The next principle is that of alternation, i.e., the principle 
of using independently the extremities or part of the extremities. 
It is often observed in spastics that the so-called concomitant 
movements dominate the locomotor acts, where a single ex- 
tremity cannot be moved without the other moving with it. 
These concomitant movements may appear as full-fledged athe- 
totic movements or they may appear in spasms. We have 
learned recently in the study of infantile paralysis that spasm 
is a widespread phenomenon even in apparently nonparalyzed 
muscles. 

Afflicted children are taught the principle of alternation and 
with it the principle of rhythm. Very often we have to avail 
ourselves of the so-called conditioned reflexes, that is, alter- 
nation must be elicited, not by the inherent sense of rhythm 
which is often distorted and disturbed in the spastic, but by 
auxiliary senses, for instance, theeyeortheear. Consequently, 
we use counts, victrolas, etc., to aid in rhythmic motion. 

The third principle which we observe in the re-education of 
Spastics is the so-called principle of automatism, which is the 
most important ofall. The premise of this principle is a satis- 
factory degree of (1) relaxation, and (2) alternation, such as we 
seeinthe gait. Herealso, we have recourse to the introduction 
of conditional reflexes, auditory reflexes from phonographs, or 
regional reflexes which should substitute for the propriorecep- 
tive reflexes that normally operate in muscles and joints. 
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FIG. 12 SECURING STABILITY OF WEIGHT-BEARING JOINT 
; FIG. 15 BLACKBOARD EXERCISES FOR DEVELOPING SPEED AND 


ACCURACY IN MOTION 


FIG, 13 EXAMPLES OF SECURING CONTROL OF ACTIVE MUSCLE FIG. 16 PEGBOARD EXERCISE 
EQUILIBRIUM 


‘ 


FIG. 14 PEG-AND-BLOCK METHODS FOR TIMING MOTION 


The final point in training is the timing. First, the educa- 
tion progress itself must be timed. For instance, under 1 year 
it is recommended that gross motor co-ordination involving 
large joints should be tried in the preschool years to accom- 
plish speech, standing, walking; in the primary school years, 
finer co-ordination such as roller skating, skipping ropes, should 
be tried in spastic cases. 

Next, the motor act itself must be timed, because it becomes 
impractical and useless unless performed in reasonable time. 
So far as the timing of the specific motions is concerned, we have 
for many years instituted certain standard methods, such as peg FIG. 17 BASKET, CHAIR, AND OTHER WEAVING EXERCISES 
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and drill methods, in order to ascertain and to develop speed 
and accuracy in motion. There is, of course, a tremendous 
possibility for variations and introduction of new factors, Figs. 
14 to 19. 


ConcLusion 


In conclusion, I believe that efficiency studies of human loco- 
motion, whether they cover the field of physical training, indus- 


FIG. 18 FUNCTIONAL END-RESULT CHARTS FOR CASES OF INFANTILE 
PARALYSIS 
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trial efficiency, or orthopedic reconstruction, all stem from a 
common basic science, the mechanics of locomotion. It makes 
no difference whether the motor act is still within possibility of 
calculation or whether by its complexity or intricacy it has 
eluded mathematical computation and therefore depends for 
its solution upon trial-and-error methods. It may still become, 
someday, amenable to mathematical analysis; and it always 
will be a special case in mechanics. 
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FIGs 19 FUNCTIONAL END-RESULT CHARTS FOR CASES OF TRAU- 
MATIC CLAW, AND BIRTH PALSY 
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Lubrication Characteristics of Involute 


Spur Gears 


A Theoretical Investigation 


By E. K. GATCOMBE,! CAMBRIDGE, MASS. 


In this paper the lubricating-oil wedge which separates 
the tooth surfaces of involute straight spur gears is ana- 
lyzed mathematically. Expressions are derived for the 
pressure distribution, the maximum pressure, the mini- 
mum thickness, and the load-carrying capacity of the 
wedge for any phase of mating. The equation for the 
load-carrying capacity may give guidance to gear designers 
and to gear operators who are conscious of the importance 
of lubrication in their fields of work. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


(ae 12 ug VW 2rho 
ho? 


h = vertical distance between rotating cylinders 


ho = minimum oil-wedge thickness 
op 
h* = that value of h where — = 0 
Ox 
h* 
Kk, = — by definition 
ho 


p = pressure 
P = pitch point 
Q = flow across any cross section parallel to y direction 


1172 


rT + 12 
r, and rz = radii of curvature of tooth profiles 
R, and R2 = pitch radii of gears 


x 


S = tan7! 
V 2rho 


S, = particular value of S = 30 deg 


T = torque 
U; and U2 
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Institute of Technology, Cambridge, Mass. (On leave of absence 
from Cornell University, Ithaca, N. Y.) Jun. A.S.M.E. 

From a thests submitted to Cornell University in partial fulfill- 
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peripheral velocities of rotating cylinders 


U, + Us 
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“ 


= by definition 


u, v, and w = co-ordinate velocity components 
Zo = effective width of band of contact 
a = pressure angle 


— 7" oO? a 02 4 oO? 
Ox? oy? 02? 


= Laplacian operator 


i = viscosity 


HM, = viscosity at atmospheric pressure and stated tem- 
perature 


uu, = value of uw with reference to the x direction 
w = angular velocity 
p = density 


ro) ra) ra) 
es die a +. = by definition 


INTRODUCTION 


In general, experimental work on gears indicates the de- 
sirability of the establishment and maintenance of an oil 
wedge between gear-tooth surfaces for the mating period, 
if certain types of wear are to be minimized. In this paper we 
shall show, through the use of the hydrodynamic theory (subject 
of course to certain assumptions), that an oil wedge of a reasona- 
ble minimum thickness may be established for each mating 
phase. This wedge, the formation of which depends upon the 
combined action of several factors such as the viscosity of the oil, 
the tooth curvature, load, and velocity, may either partially or 
completely separate the tooth faces during the period of mating. 


PROCEDURE 


The general procedure shall be to state and to solve the equa- 
tions of viscous fluid motion into which have been incorporated 
the combined effects of all the variables which govern the estab- 
lishment of the wedge. 

Specifically, we shall state the equations of viscous fluid motion 
in which the viscosity shall be considered a function of the pres- 
sure (the temperature assumed constant). These general equa- 
tions, the complete solutions of which are difficult to obtain, shall 
be simplified by making certain assumptions and by neglecting 
certain relatively smallterms. The resulting equations of motion 
shall then be solved and expressions obtained for (a) the pressure 
p at any point in the wedge, (b) the maximum pressure Dmax 
within the wedge for any particular phase, (c) an expression for 
the load-carrying capacity F of the wedge, (d) the minimum 
thickness ho of the wedge, (e) the effective width a of the sup- 
porting band of contact. Experimental test data on géars which 
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have been recorded in the literature shall then be checked through 
the use of these expressions to show that an oil wedge existed and 
lubricated the tooth surfaces during the mating period. 


Equations or Morion—Viscosiry ASSUMED CONSTANT 


Fig. 1 shows the elements of a pair of mating spur gears. Fig. 
2 shows an elementary cube of oil of the wedge in Fig. 1, with 
the stresses indicated on the positive faces of the cube. The z 
and y axes are taken in the plane of rotation of the gear set, and 


02 


Fic. 1 ExLements or A Pairk or Martine Spur Gears SHOWING 


ENTRAPPED O1L WEDGE 


Py, * 


Pey 


+ 


Pzz 


Fie. 2 Etrpmpentary Cusre or Orn Wits Inpicarep Positive 
STRESSES 


the z direction is at right angles to the plane of rotation of the 
gears. 

The equations of viscous-fluid motion in which the viscosity yu 
is considered constant, have been developed.in a number of refer- 
ence books among which is one by Horace Lamb (1).2 While 
these equations of motion are written here, the usual details of 
development have been omitted. The equations are as follows 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Equations [1] indicate the state of stress at each and every point 
throughout the fluid under consideration and must strictly apply 
to those problems in which there is no variation in p, since in 
their development, u is considered constant. 

However, in many practical problems, there are large variations 
in the viscosity, since it may vary with temperature and pressure. 
Thus the development of the equations of motion in which yu is a 
function of the pressure shall follow. 


Equations or Motrion—Viscosiry ASSUMED VARIABLE 


If, in the development of the equations of motion, we consider 
ua function of the pressure, we may write the following equations 


# Gee + (SH 42) 
oem oY et aus + uv — Foe aa 
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SIMPLIFICATION OF Equations oF MOTION 


The following assumptions shall be made which will cause some 
simplification in the equations of motion: 

1 Steady state. 

2 Incompressible fluid. 

3 Flow in the z direction is zero. 

4 Temperature constant. 

5 Inertia-foree components are negligible, since they consist 
of product terms of relatively small quantities. 

Further steps in the simplification of Equations [2], [3], and [4] 
may be gained by neglecting certain relatively small terms. Let 
us refer to Fig. 3, in which is represented the region of contact- 
surface profiles of two mating teeth. These profiles may, to the 
first order of approximation, be represented by circular arcs. 

Let h be the vertical distance between the arc profiles for any 
phase of the mating period. Further, let 2 be that value of x 
which is large compared with the corresponding value of h. Such 
values exist in these thin-film problems. It may now be seen 
from a consideration of streamline motion within the wedge that 
the ratio of » to u is of the same order of magnitude as the ratio 
of h to x. Written symbolically © 


u Xo 
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Ov v O*v v 
— ~— and — — 
Ox Xo Oa? Xo? 
Ou u d O2u u 
—~- and —w~— 
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O*u 
The term Sat may therefore be neglected. 


Similarly 
ov 
ox he 
Ou a! 
oy 


ov 
Thus the term = may be neglected. 
xv 
ALTA o*v ou 
Likewise the terms — and — may each be neglected. 
Ox? ox 


It is clear that there is a certain group of problems in which yu 


is constant. For this group 
op 
oy ov 
Ope meu, 
Ox 


Further, it is clear that even with a variable viscosity, there 


: op. ; 
is a second group of problems in which a is small compared with 
y 


ra) 
= The limits of this group become fixed once a specific meaning 
is attached to the word “small.” The investigations carried out 
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; : ra) 
in this paper must be assumed to be those in which s is small 
Ul] 


3 
compared with = It will then be seen that 
x 


Ou Ou 


Ox Ox h?u, max 
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O2u Xo Paes 
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But yz max is approximately equal to umax; thus 


h? Mz max h? 
Se 


Xo? Mmax Xo? 


du O, 
Hence the term 2 = =e may be neglected. 


x Ox 
; ou O. ov O 
It is also seen that Sy ise and 2 3 3 may each be neglected. 


The equations of motion may now be written in the following 
simplified form 
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ro) 
Thus for that group of problems in which = is small compared 
; y 


} 
with ae the pressure p may be regarded as a function of z only. 


PRESSURE BETWEEN Two RotaTine CyLinpERS WHICH ARE 
SEPARATED BY AN OIL WEDGE 


It will be recalled that circular ares were assumed for the mat- 
ing-tooth profiles in the region of contact for any particular 
phase of the mating period. We have assumed “steady-state 
conditions.”” This means that for any phase of contact we have 
substituted for the contact surfaces those circular cylindrical sur- 
faces whose radii are the radii of curvature of the tooth profiles 
in the region of contact, and whose angular velocities are constant 
and equal to the angular velocities possessed by the gears. 

Our problem is now reduced to that of finding (a) the expression 
for the pressure p in the wedge which separates two cylinders 
rotating at constant angular velocities, (b) the expression for the 
maximum pressure Pmax of the wedge, (c) its load-carrying capac- 
ity F, (d) its effective width of the supporting band of contact. 
We nee to solve the first equation of Equation [5] to obtain the 
results desired in parts (a), (b), (c), and (d). 

The first equation of Equation [5] is 


the solution of which is 


1| fo = 
u= eae + Cy + c,| , Ses Be Pe [6] 


The boundary conditions are as follows: 


u=—U,;aty =—h 


Uu —Us2 at y = +he 
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U, and U;: being the peripheral velocities of the cylinders. 
The solution now becomes 
Eg? ee 
“w= = Cp = 9) + 
Qu y Yun 2 1/2 — 


Uyh, + Ushy 
h i. 


Wi 5 
ar Ui == 10) (7] 
h 
The flow across any cross section parallel to the y direction will 
be denoted by Q which is given by 


By substituting in Equation [8] the value of wu found in Equation 
[7] and performing the integration we find that 
h3 Op 


h 
oa 124 oa 5 U1 Ot eriaereanc cee [9] 


Upon rearranging terms we may write 
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Now, to the first order of approximation 
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where 
1 1 1 
SSS ak = 
T Ty T2 
and 7; and 72 are the radii of the cylinders. Equation [10] now be- 
comes 
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fo) 
Now there is a value of x for which = = 0. At this value of 
xv 


x Equation [7] becomes 


Uihe + Ushi 
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Equation [12] shows that wu is linear with y at the section where 
ra) 

Bis 0. Therefore 

Ox 


ra) 
where h* is the value of h at the section where = = (0) 
0 


Upon substituting the value of Q from Equation [13] into 
Equation [11], we note that Equation [13] may be written as 
follows 


(itUs) ,, 


12de a \a ee \ teeta 
= (: 3 re) as (: ag 2rho 


h* 
Let the ratio rk be indicated by KA, and let 
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Equation [14] is then written as 
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We may now make a change of variables by letting 
oi \/ 2rho tan (Shaye A Ae ne Cae epi la [16] 
Equation [15] now becomes 
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The viscosity » is a function of the pressure in the fluid. Ex- 
periments by Hersey and Shore (2), the results of which are 
quoted by Needs (4), show that for pressures up to several thou- 
sand atmospheres 


pe (10) 22m (approx) eee eee [18] 


Equation [18] indicates that the viscosity » at any pressure p and 
temperature ¢ is approximately equal to the viscosity », at atmos- 
pheric pressure, and the same temperature ¢ multiplied by (10)”°. 
The symbol 4 indicates the slope of the pressure versus logarithm 
of viscosity curve. Inserting « = u,(10)?? in Equation [17], the 
following equation may be written ; 


12u,U V 2rhe 
(10)-"dp = ANTS (K, cos‘. § — cos? 8)dS.. . . [19] 
0 
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Equation [19] then becomes 
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Integration of Equation [21] yields 
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The constant C3 is evaluated for the boundary conditions 
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It will be noted that the wedge pressure p is assumed to be 


zero at S = += 3 rather than atmospheric. This assumption is 


valid since it is observed that the atmosphere would simply ele- 
vate the value of p throughout the wedge by a certain small value; 
this value will then be shown to be small compared with the pres- 
sure created in the wedge independently of the atmospheric ac- 
tion. 


For p = Oat S = + > it is found that 
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For p = Oat S = — a it is found that 
1 3rky T 
C= 
= Caieio aioe 4 
Thus 
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The expression for the pressure p now becomes 
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The maximum pressure occurs at 


S=S,=" 
6 


The maximum pressure is given by 
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The wedging force, created by the pressure in the film which 
separates two rotating cylinders, is given by the integral of the 
pressure function p(x) (see Fig. 4), between the limits — and 
+, However, experiments show that lubricants are incapable 
of creating or sustaining the tension stresses indicated by that 
portion of the graph below the « axis in Fig. 4. 


P 


Fic. 4 HyporuericaL PRESSURE-DISTRIBUTION GRAPH FOR SINGLE 
Puasp or Matine Periop 


Pp 


Fic. 5 TxHroreticaAL PressurRE-DISTRIBUTION GRAPH FOR SINGLE 
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Thus, the absolute pressure will be atmospheric for any point 
in the interval —© to zero. The wedging force will then be ob- 
tained by integrating the pressure function over the interval 0 = 
xz = © (see Fig. 5). 

Symbolically, the total wedging force is given by 
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tO ee 2/3, G00 Hl reeset are or a eee 


We may express Equation [25] in terms of the variable S as 
follows ; 


a /2 ae 
2rh 1 
n= f, _ V2rko rn 
0 6 G6 In 10 


1 1 
ey ay panty Sa 2 
es sin 2S ai sin is) | SECIS US peer [26] 
Let 
V 2rho 1 
F(S) = — See 
(S) ; log E In 10 = fei 
(eae uth Aa 
5 sin 2S ; sin ss) | Sec2nStee ee (27] 


Then the expression for the wedging force is 


PLEbl ans asda, wh 30): 8 [28] 


INTEGRATION OF EQUATION FOR WEDGING ForcE— 
APPROXIMATE SOLUTION 


Considerable difficulty would be experienced if one attempted 
to obtain an exact analytical solution of Equation [28]. An ap- 
proximate solution may be obtained by a number of methods, 
among which are (a) graphical, (b) interpolation. A detailed 
solution of Equation [28] by each of the methods (a) and (6) is 
given by the author (5). The solution of Equation [28] by the 
interpolation method is given herewith, the details employed being 
omitted. In general the steps employed are as follows: 

Several characteristic features of the f(.S) function are observed, 
such as 


(a) f(0) = 90 


Gln 10 V/2 rho 
3 


(b) f’(0) = 
(O) aj (:) = w where y is maximum value of f(S) which occurs at 


S=+ _ (approx) 


(d) f’ (=) =0 
(e) f (:) 
(f) f’ (:) = 0 


These features are then incorporated in several terms of a 
series, and in the terms of the derivative of the series. 

The several linear equations containing the incorporated 
features are then solved to determine the unknown coefficients 
of the series terms. 

An expression is next written for the function f(S) in terms of 
the series. 

A simple integration then yields the desired value of the inte- 


ll 
i 


gral. The approximate solution of Equation [28] is 
PF eu SLA, estalaala aka [29] 
n oe 24 20 15. Cie ee ry 
where 
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Loap-CARRYING CAPACITY OF FILM 


Equation [29] indicates the load or force F, which can be sup- 
ported by the wedge that separates two rotating cylinders. It 
will be recalled that this force F,, is the force which maintains 
separation of the tooth surfaces during the mating period. Force 
F,, acts approximately along the line of action of the gear teeth. 
Thus, it has an effective torque force of F, cos a. It is also seen 
that, in most sets of gears, more than one pair of teeth are mating 
at any given instant. For example, one pair may be beginning 
its mating period at the same instant another pair is at the pitch- 
point phase, and still another pair may be finishing its mating 
period. Now each mating pair of teeth has a supporting film 
which carries its certain share of the total gear torque. It will 
be found advantageous to express the average supporting action 
of the wedge (considering all phases of any mating period) in 
terms of the supporting action for the pitch-point phase. The 
author investigated a number of tooth profiles and found that 
the ratio of the average supporting action of the wedge to its 
value for the pitch-point phase, denoted by ko, was approxi- 
mately 1.30. 

The average number of pairs of teeth, interpreted in terms of 
average length of contact lines, denoted by L,, making simultane- 
ous mesh, can be found from the geometry of the gears. 

Upon incorporating these three factors (a) effect of the pressure 
angle, (b) the ratio of the average supporting action of the wedge 
to that of the pitch-point phase, (c) the average length of contact 
lines of the teeth making simultaneous mesh, in Equation [29], we 
may write the following final expression for the load-carrying 
capacity of the wedge per unit face width of the set of gears 


x (81y Gin 10 V/2rho 
Ricoteas Baa, 
ko wae + Fr ) [30] 


In Equation [30] F is the pitch line component of the total sup- 
porting action of the oil wedge per unit face width of the set of 
gears. The value of ko may be taken as 1.380. Length Z, is the 
average length of contact lines of the teeth making simultaneous 
mesh; a@ is the pressure angle. 


4 as 
y= 3 V/ 2rho x Pmax 


80 
Em 
70 HH RRA 
U] | SRR MA 
coo LIM | I | a Do 
Sa 


Mobiloil A at 95 F 


= 0.0000874 (psi) + 
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G in thousand (psi) 
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where pmax is the maximum pressure in the oil wedge for the pitch- 


point phase. ’ 
12 yu, U V 2rho 
2 


G= ho 


and 


T1Te2 


Ry Sper 


Before citing an application of Equation [30], it will be found 
convenient to plot graphs (see Fig. 6), showing the functional 
relationship between the three quantities, G, pmax, and 6. 

Equation [24] shows that this functional relationship is 


1 1 V3 
Pmax = aa log E In 10 (Goa -¥)] 


Minimum THICKNESS OF O1L WEDGE AND EFFECTIVE WIDTH 
oF BAND oF CONTACT 


% 


The minimum thickness denoted by ho of the oil wedge is its 
thickness (measured in the y direction) atz = 0. The following 
expression may be used to calculate ho 


Rise 2r(12 y,U)? 
\ leans G2 


It is shown by the author (5) that the pressure in the wedge dies 
off to a negligible quantity compared with pmax (in computing 
supporting capacities) at a short distance (measured along the 
x axis) from the origin. Thus the effective width of the support- 
ing band of contact may be taken as the distance from S = 0 to 
S = 85 deg, approximately. 

The expression for the effective width of the supporting band 
of contact is then 


Xo = V 2rho tan 85 deg 


ProcepuURE Usep In App_Lyine Equation [30] 


To check the load-carrying capacity of a pair of gears from the 
point of view of lubrication alone, Equation [30] is used as fol- 
lows: 


1 Select an oil of a known viscosity 

2 Compute ZL, from the geometry of the gears 

3 Choose a value of the maximum permissible surface pres- 
sure, Pmax, and find the corresponding value of G from the 
graphs similar to those of Fig. 6 

4 Compute the value of ho from 


3 /2r(12 wgU)? 
ie Aaa 


5 Compute the value of y from 
ADNe eas 
y a 3 2rho x Pmax 


6 Solve Equation [30] for the load-carrying capacity of the 
pair of gears. 


APPLICATION 


Prosiem No. 1 


Data. The following straight spur pinion and gear have the 
same dimensions, physical properties, etc., as a pair of helical 
spur gears which are used on one of the gear-reduction units 
manufactured by the Westinghouse Electric and Manufacturing 
Company. This pair of gears when checked by Buckingham’s 
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(6) ‘‘strength and wear equations” is found to be well designed 
and proportioned to transmit approximately 9 hp at a pinion speed 
of 1750 rpm. 
Pinion: 

3140 S.A.E. steel 

Width of face = 1.625 in. 

Pitch diameter D; = 2 in, 

20 deg involute stub teeth 

Diametral pitch p’, = 12 

Brinell hardness number = 325 

Oil-quenched and drawn at 900 F 


Gear: 


1045 S.A.E. steel 
Pitch diameter Dz = 10 in. 
Brinell hardness number = 250 
Oil-quenched and drawn at 1000 F 
Lubricating oil—Mobiloil A (see Hersey and Shore) (2) for which 
Ha = 5.5 X (10) ~*Ilb-sec/sq in. at 95 F and 5 = 0.0000874 (psi) —!. 
- Class-three gears are assumed. 


Solution: 

1 pe = 5.5 X (10)~8 lb-sec/sq in. at 95 F 

2 From geometry of gears, it is found that 
L, = 1.23 in. per in. of face width 
ko = 1.30 

3 Maximum permissible surface compressive stress of 56,000 
psi will be selected for pmax 

4 U =r = 0.342 < 183.3 = 62.6 ips 


Te iba Jane ge 
ae ae ee val 
therefore 
Par —" Oooo in. 
_ S2r (12 w)? V5 
bee 1) Me Ge Div 
D2 <10.29 [1255 pects ae 
pe (46,000)2 


= 0.0000168 in. 


5 Maximum value of f(S) is 


4 a 
fS) =" 3V 2rhe vere 


4 
: 4/2 X 0.29 X 0.0000168 X 56,000 


= 232 lb per in. 
6 Load F is given by 


8t 
F = kyL,cos a =i ie 


rG In 10 \/2 = 


24 \20 15 
SEE ee a Rt tae es ore ae 
“Peabesac ied bine 24 20 
x X 46,000 X 2.3 X 0.0031 
- 15 


197 lb per in. of face width 
197 X 1.625 = 320 lb for total face width 


F 


This corresponds to a transmitted horsepower of 


2 1 X 1750 
hi T rpm aid 320 X 1 X Se ya seietes 
63,030 63,030 


Hp 
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Thus, it is seen that the wedge can create within itself sufficient 
pressure (56,000 psi maximum) to transmit the required torque 
load, while maintaining a minimum wedge thickness of 0.0000168 
in, This is a reasonable wedge thickness as was shown by Kare- 
litz (7) in his research on heavily loaded bearing surfaces. 

The effective width of the supporting band of contact for this 
example is 


Lo V 2 rho X tan 85 deg 
= 0.0031 X 11.48 
= 0.0355 in. 


If we now assume that this same set of gears transmits the same 
horsepower, namely, 9 (approximately) at a reduced pinion 
speed of, say, 1160 rpm we shall find that the minimum wedge 
thickness will be reduced and that the pmax is approximately 
doubled, with a decrease in the effective width of the supporting 
band of contact. 


PRoBLEM No. 2 


Data. Same as in Problem No. 1, but the pinion speed has 
been reduced to 1160 rpm. 
Solution: 
1 pw. = 5.5 X (10)—* Ib-sec per/sq in. at 95 F 
6 = 0.0000874 (psi)~! 
2 From geometry of gears, it is found that 
L, = 1.23 in. per in. of face width 
koe 30 
3 A maximum permissible surface compressive stress of 
100,000 will be selected for pmax 
4 U =r = 0.342 X 121 = 41.4 ips 


ales 0.58[12 x 5.5 Xi (10)+* x ae 
ae (46,100) 2 


= 0.0000127 in. 


ee anes V/0.58 x 0.0000127 x 100,000 
= 361 psi. 


20 15 
= 300 lb per in. 
F = 300 X 1.625 
= 487 lb for total face width 
This corresponds to a transmitted horsepower of 


_T Xrpm__ 487 X 1X 1160 
63,080 63,030 
The effective width of the supporting band of contact is now 
2 = V2rho X tan 85 deg 
= V2 X 0.29 X 0.0000127 x 11.43 
= 0.0311 in. 


We thus see that the maximum pressure in the wedge (assuming 
that the equations involved in the computations still hold for such 
high pressures) may be in the neighborhood of the surface endur- 
ance limit of the gear material. 

It also will be of interest to show the following solution of this 
problem when a higher oil-wedge temperature is assumed: 


1X 361 46,100 X 2.3 X 0.00271 
; p-oam(® x 861 | =X x 2.3 X ) 


= 9 (approx) 


PropiEeM No. 3 


Data. Same as in Problem No. 1, except that the temperature 
of the Mobiloil A is now assumed to be 199 F. 


Solution: 
1 ya = 0.258 X (10)—® lb-sec/sq in. at 199 F 


6 = 0.0000414 (psi) ~} 
2 Average length of contact lines is 
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LL, = 1.23 in. per in. of face width 
ko = 1.30 
3 A maximum permissible surface compressive stress of 
206,000 psi will be selected for pmax 
The corresponding value of G is 


G = 97,100 psi 
4 U = ro, = 0.342 X 183.3 = 62.6 ips 
T1020 nine 


A 2r(12 ue U)? Ls 
eae Gale = es 


' 2 X 0.29[12 x 0.258 x (10)-* x a 
Or (97,100) 2 
0.00000132 in. (A dangerously small value) 


CY arse 
5 y= 3 2rho x Pmax 


= 1.33 V2 x 0.29 XK 0.00000132 XK 206,000 


= 239 lb per in. 
1 In 10 V/2 rhe 
6 P = hel cosa (8 4 *EI8 ve =) 


24 \ 20 15 
81 X 239 
Pig 
es 
4 EX 97,100 X 2.3 X seco 
15 


= 198 lb per in. of face width 
F = 198 X 1.625 = 324 lb for total face width 
This corresponds to a transmitted horsepower of 
HW TXrpm 3824 x1 1750 
P 63,030 «63,030 
It will be observed that the wedge is extremely thin for this high- 
temperature consideration, and that the maximum pressure is 
very high (206,000 psi). It is likely that the wedge would be 
broken down because of the extreme thinness of the wedge and 
to the tooth-surface roughness. This would suggest the use of 
a lubricating oil with a relatively higher viscosity. 
Further insight into this lubricating problem may be gained if 
we show calculations for the foregoing calculated quantities 
based on castor oil as a lubricant. 


= 9 (approx) 


ProBiEM No. 4 


Data. Same as in Problem No. 1, except that the lubricant is 
now assumed to be castor oil at 92 C. 


Solution: 
1 pw. = 0.35 X (10)-—5 lb-sec/in.? 
5 = 0.0000397 (psi)—! 
2 Average length of contact lines per inch of face width 
L, = 1.23 in. 
ko = 1.30 
3 Maximum permissible surface compressive stress of 82,000 
psi will be selected for pmax 
The corresponding value of G is 
G = 101,000 psi 
4 U =r, = 0.342 X 183.3 = 62.6 ips 
r = 0.29 in. 
1, — $2. X 0.20112 x 0.35 x (10)~§ x eats 
A (101,000)? 
= 0.00000734 in. (Film might not break down) 
yw = 226 lb per in. 
6 F = 200 lb per in. ° 
= 220 X 1.625 = 325 |b for total face width 
This corresponds to a transmitted horsepower of 


or 
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Hp = 9 (approx) 
It is seen that the castor oil would provide a better wedge than 
would the mineral oil at this high temperature. 


Comparison WITH OTHER RESEARCH WoRK 


In an anonymous paper (8), an investigation was reported of 
the lubricating wedge which separated the surfaces of an involute 
spur pinion mating with a straight sided rack tooth. The radius 
of curvature of the pinion tooth was 2.749 in. for the phase con- 
sidered. The pressure angle of the tooth was 14!/, deg. The 
teeth were lubricated with an oil having a viscosity of 0.70 poises. 
The author did not give sufficient information for the exact calcu- 
lation of 6 for this oil, but an approximate value may be obtained 
from the work of Hersey and Shore (2), if we assume that its 
6 corresponded to that of Veedol medium, for which 6 = 0.0000714 
(psi)~1. The tooth load per inch of face width was 267 lb. The 
speed U with which the pinion tooth profile rolled over the rack 
tooth was 243.6 ips. The author, considering that the film of one 
pair of teeth carried the total load of 267 lb per in. of face width, 
found a minimum film thickness ho = 0.000124 in., and a maxi-_ 
mum pressure Pmax = 6376 psi, with a width of the band of contact 
Zo = 0.3000 in. 

Sufficient information has now been given so that a comparison 
(Table 1) may be drawn between the results of the present paper 
and the earlier one (8). 


ProsieM No. 5 


Solution: 
1 we = 0.70 X 1.45 X (10)75 
= 1.015 X (10)—5 Ib-sec/in.? 

6 = 0.0000714 (psi) ~}. 

2 Average length of contact lines 
L, = 1 in. (load carried by one tooth) 

_ ko = 1.30 

3 Maximum permissible surface compressive stress of 7300 
psi is selected for pmax. The corresponding value of G is 


G = 39,000 psi. 
4 U = 243.6 ips (stated roll speed) 
r = 2.749 in. 
Pe ? X 2.749[12 X 1.015 X (10)-5 x ous 
: (39,000) 2 
= 0.000145 in. 


5 vy = 1.3302 X 2.749 X 0.000145 x 7300 
= 274 lb per in. 
6 F =1.30 X 1 X 0.968 


- & X 274 | x X 39,000 X 2.3 X ive) 


24 20 15 
= 267 lb per in. of face width. 
7 Results of comparison. 


TABLE 1 RESULTS OF METHOD COMPARISON 
Author ho (in.) pmax (psi) xo (in.) 
Ref. (8) 0.000124 6376 0.3000 
This paper 0.000145 7300 0.3240 


It is seen that the calculations based upon increased viscosity 
due to pressure gave a thicker wedge than did those of the author 
of the paper mentioned (8), his being based upon constant vis- 
cosity; this could be expected and partially explains why heavy 
loads may be carried by an oil wedge. 


CONCLUSIONS 


1 An oil wedge may be established between the tooth surfaces, 
and its minimum thickness depends upon several factors, such as 
viscosity, tooth curvature, load, and velocity. 
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2 The wedge may be broken down when its minimum thick- 
ness becomes approximately equal to the surtace roughness. 

3 The time element is important in the maintenance of a film 
in that it tends to govern the amount of end flow. Prof. E. 
Buckingham recently pointed out to the author that the time 
element for the pitch-point contact phase was a relatively long 
one. This fact might cause the film to become very thin or even 
broken down for the pitch-point contact phase, depending upon 
the length of period required for such a breakdown. 

4 The maximum pressure in the wedge may approximate the 
value of the surface endurance limit of some gear materials. 

5 This maximum pressure for any phase can be changed by 
altering any one or the combination of the following factors: 
Viscosity, tooth curvature, load, and velocity. For example, a 
low-viscosity lubricant will carry the same load as a high-viscosity 
lubricant only at the expense of a relatively thin wedge thickness 
and a relatively narrow band of contact, causing large maximum 
wedge pressures. Further, the relatively thin film thickness car- 
ries with it the danger of metal-to-metal contact. The involute 
internal gear might be cited as an example in which the effect of 
tooth curvature on the load-carrying capacity is important. 
In the internal-gear set, the lubrication problem is known to be 
a comparatively satisfactory one. The relative radii of curvature 
with convex-concave mating surfaces might well account for the 
relatively great width of the band of contact, y relatively large 
minimum wedge thickness, low maximum wedge pressures, and 
thus satisfactory lubrication. This is not necessarily true for the 
cycloidal-gear set, because of the critical pitch-point contact 
phase with its small radii of curvature. 

.6 The author (5) investigated the load-carrying capacity of 
the wedge for involute helical spur gears and found that the heli- 
cal spur gear could transmit approximately 1.18 times as much 
load as a similar straight spur-gear set, depending, of course, upon 
the physical dimensions of the set. 

7 The temperature in the wedge may reduce the viscosity 
and thus increase the maximum pressure for any given set of 
conditions. Mr. M. D. Hersey points out that there may be 
an intensified viscosity of the lubricant near the boundary of 
such thin films. Both of these points require further investiga- 
tion. 
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Discussion 


P. H. Buacx.* The author has made an important contribu- 
tion to the theory of gear-tooth action. It is shown in his paper 
that a pressure can be developed in the fluid film that is of suffi- 
cient magnitude to support the transmitted load, and that the 
calculated minimum thickness of the film compares favorably 
with experimental results. 

The minimum film thickness in the examples is of an order of 
magnitude that may be found in the accumulated deviations of an 
actual gear tooth from the ideal form assumed in the paper, so 
that boundary conditions may replace those of a fluid film. The 
deviations may be due to surface roughness, unequal tooth spac- 
ing, or tooth deflections, and may be aggravated by dynamic loads. 
In addition, the effect of temperature rise in the film due to the 
friction of relative motion of the mating surfaces may be so high 
that the viscosity of the lubricant is reduced materially. The 
effect of this reduction in viscosity would, as the author infers 
in his conclusions, further reduce the film thickness. It has been 
reported by H. Blok‘ that for boundary-lubrication conditions the 
temperature may rise an average of 170 deg F above the mean 
level of the temperature of the teeth. 

A theoretical treatment including the foregoing actual condi- 
tions may be impractical so that an experimental approach to a 
study of the conditions existing in lubricated gear teeth may be 
the logical step to complete the author’s very valuable theoretical 
analysis. 


J. T. Burwett, Jr.2 The substitution for the actual gear- 
tooth surfaces of circular cylindrical surfaces whose radii are the 
radii of curvature of the tooth profiles in the region of contact and 
whose angular velocities are constant and equal to the angular 
velocity of the gears themselves, appears to be an ingenious 


3 Associate Professor of Machine Design, Cornell University, 
Ithaca, N. Y. Mem. A.S.M.E. 

4“‘Theoretical Study of Temperature Rise at Surfaces of Actual 
Contact Under Oiliness Lubricating Conditions,’ by H. Blok, Gen- 
eral Discussions on Lubricants, vol. 2, The Institution of Mechanical 
Engineers, 1937, pp. 222-235. 

5 Lieutenant Commander, U.S.N., Office of Co-Ordinator of Re- 
search and Development, Executive Office of the Secretary, Navy 
Department, Washington 25, D. C. 
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method of solving analytically an otherwise complicated prob- 
lem. 

Several of the problems which are worked out in the paper as 
applications of the theory show that the required torque load 
can be maintained by the gear teeth with a reasonable minimum 
oil-film thickness. However, the definite improvement in per- 
formance which can be obtained through the use of extreme-pres- 
sure additives whose mechanism of operation is not hydro- 
dynamic indicates that even in this range of oil-film thickness 
certain nonhydrodynamic factors must be considered. 

In his conclusions the author notes that the time element is 
important in the maintenance of a film. In this connection 
A. F, Underwood! recently presented a paper before the Society on 
the contribution of so-called ‘‘squeeze oil films” to the load-carry- 
ing capacity of dynamically loaded bearing surfaces. It would 
seem that due to the motion of the point of contact along both 
the gear-teeth surfaces during the mating phase, the ‘‘squeeze 
film”? concept should also be applied here and it would be of in- 
terest to include in this analysis calculation of the time taken to 
squeeze out the oil which is caught between the two teeth sur- 
faces. 

A final point concerns the u,, which is defined in Equation [18] 
of the paper as the viscosity of the lubricant at atmospheric 
pressure and temperature 7’. In the analysis it is assumed that 
Hg iS & constant, i.e., independent of the space variables x and y. 
Actually, heat will be developed locally in the oil as it enters the 
wedge due to compression and shearing action and the tem- 
perature will rise locally with a resultant reduction in pw, as 2 
decreases to the point of minimum wedge thickness. Con- 
sequently, the viscosity in the wedge although increased by pres- 
sure will not be as great as calculated in the present analysis and 
the theoretical load capacity will probably not be as great. 
This is a difficult problem to treat analytically but it is believed 
that a better approximation than that of constant u, could be 
made. 

The present paper work is, however, a very good beginning in a 
relatively new field and further work in the direction of more com- 
pleteness of the present analysis and of extension to other types of 
gears is much needed. 


Harry ENGVALL’ aND ALEXANDER HAMMER.’ The method 
developed in the paper makes possible the calculation of the 
minimum thickness of the oil wedge and the maximum pressure 
existing within the wedge, as well as the effective width and load- 
carrying capacity. 

Because of uncertainty as to the actual temperature of the oil 
and therefore of its viscosity, the values calculated by means of 
this method must not be treated as absolute but only as relative 
values, and it is necessary to relate them in some way to past 
experience. For this purpose it would seem possible to tie 
them in with the conventional ‘‘K factor,’ now widely used as a 
basis for design, K being equal to 3K ae , where F' denotes 
tooth pressure per inch of face width, D the pitch diameter of the 
pinion, and F# the reduction ratio. Assuming a reasonable tem- 
perature for the oil wedge and assuming that the maximum pres- 
sure within the wedge is equal to the surface endurance limit of 
the material used in the gear, a corresponding K factor can be cal- 
culated which would then represent the maximum permissible K. 
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In an effort to obtain this correlation a number of specific 
cases were investigated at 150 F oil-wedge temperature. It 
was found that for the same pressure in the wedge, a high-speed 
gear had a distinctly higher permissible K than a low-speed gear. 
This would indicate that, for instance, in the case of a double- 
reduction gear, the first reduction could be designed for a sub- 
stantially higher K factor than the second reduction. In con- 
firmation of this, experience has shown that wear and pitting are 
more prevalent in the second reduction gears than in the first 
reduction when designed to approximately the same K values, 
and the tendency has therefore been, purely on an empirical 
basis, to allow higher K factors in high-speed gears. 

There is one detail in the author’s examples which calls for 
some clarification. The value of 6 in problem No. 3 is given as 
0.0000414 (psi)-1. Study of the Hersey and Shore data leads to 
a value of 0.0000759 (psi)—1 for 93 C or 200. F, as can be easily 
checked from Fig. 7 of this discussion, which is reproduced from 
reference (2),9 with an added curve for 150 F interpolated by the 
writers. The difference in these values has a serious effect on 
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the results of the calculations and if, as appears to be the case, 
the author’s value is incorrect his results are also invalid. The 
corresponding curve in his Fig. 6 is then incorrect also. 

This point is brought up simply because this paper is of real 
value and for the sake of those who may study it in the future, 
all the details should be correct. With further study and cor- 
relation with experience, possibly by means of empirical factors, 
the author’s method offers real promise of being an important 
design tool. 


D. D. Fuuuer.’® The author in this contribution to the hy-~ 
drodynamiec theory of lubrication includes in his analysis the 
effect of pressure on viscosity. Stanton’ was one of the first to 
report on this phenomenon in his account of a very interesting 
experiment where the pressure distribution was measured in a 
heavily loaded journal bearing. 


» Author’s Bibliography (2). 
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Plotting these pressures against 6, the angular distance around 
the bearing, a curve was obtained from which several values of 


d 
a were determined. Then using Harrison’s equation!” 


dp — 6uw i. — cos6*) 
dé m? | (1 — ¢ cos 6)3 


as applied to journal bearings of infinite width (with the usual 
assumptions of constant viscosity, etc.) simultaneous equations 
were found which evaluated such unknowns as C, eccentricity 
of the journal in the bearing, and yu, the viscosity. In one typi- 
cal test the average value of the viscosity obtained in this manner 
was 25 per cent greater than the viscosity computed on the basis of 
temperature change alone. 

Since that time this concept has been included in a number of 
theoretical analyses, the most recent ones known to the writer 
being an investigation of oil flow through capillary glands by P. 
G. Exline!’ and the present paper. 

The film thicknesses computed by the author in problems Nos. 
1 through 4 show values ranging from 0.0000168 in. down to 
0.00000132 in. These appear to be less than the thickness gen- 
erally considered as the minimum to maintain fluid-film lubrica- 
tion between highly finished surfaces. Stanton!! computed the 
least distance between surfaces of journal and bearing to be 
0.000054 in. 

Needs!* measured the film thickness between optically plane, 
parallel plates forced together for 8 hr or more. This oil-film 
thickness approached values of from 0.00003 to 0.00004 in. 

Karelitz!® computed the minimum film thickness for various 
bearing metals on steel to be from 0.00003 to 0.00006 in. A pho- 
tomicrograph through the cross section of one of these bearing 
blocks showed the height of asperities to be of this same order of 
magnitude. 

The film thicknesses as computed by the author are definitely 
less than the foregoing and offer no guarantee that fluid-film con- 
ditions will be maintained between the gear teeth. Such low 
values only serve to emphasize the ease with which an oil film 
between gears can be destroyed, even during normal operation. 

The fact that this analysis indicates that film thicknesses will 
be found considerably smaller than those usually accepted as 
minimum for maintenance of surface separation might be con- 
strued as a prediction that oil-film breakdown will occur. Sucha 
prediction serves as a rough qualitative check on the accuracy of 
the paper itself for it is recognized that most gears wear, and 
wear is indisputable proof (with uncontaminated oil) that film 
breakdown does actually occur. Here then is a rational explana- 
tion of an observed phenomenon. 

Through the medium of this paper the tools are finally availa- 
ble that will permit the designer to adjust the pertinent varia- 
bles until satisfactory gear lubrication is attained. 

For this significant contribution to machine design and to the 
hydrodynamic theory of lubrication the author is to be con- 
gratulated. 


Mayo D. Hersny.!® Can the author briefly outline the main 


12 “Friction,” by T. E. Stanton, Longmans Green & Co., New 
York, N. Y., 1923, Equation 10, p. 91. 

13 ‘Formulas for Leakage in Capillary Seals,’’ by P. G. Exline, 
Gulf Research and Development Company, Pittsburgh, Pa., Nov. 6, 
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vol. 59, 1937, pp. 239-246. 
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steps in his derivation of the general equations for variable vis- 
cosity? 

The solutions for Problems Nos. 1 to 4 may be plotted as a family 
of curves in dimensionless co-ordinates from the data given in 
Table 2 of this discussion. Here ho is the film thickness at point 
of nearest approach, D the pinion diameter, Z, the film viscosity 
at atmospheric pressure (elsewhere denoted by ye), N the pinion 
speed in revolutions per unit time, and P the tooth load per unit 
of projected area, this being taken as the ratio of F to the product 
of face width into the pitch diameter of the pinion. The factor 
b; denotes the pressure coefficient of viscosity (fractional increase 
in viscosity per unit increase of pressure) evaluated at atmospheric 
pressure, or 2.3 6. 


TABLE 2 FILM-THICKNESS RELATIONS 


Problem ho/D ZiN/P bP 
1 8.4 98 2.0 
2 6.4 43 2.0 
3 One 4.6 0.94 
4 Bin 76 61 0.91 


The data for Table 2 have been expressed in the most con- 
venient units, io in microinches, D in inches, Z; in newtons (mil- 
lionths of a pound-second per square inch), N in revolutions per 
minute, P in pounds per square inch, and b;P in per cent. 

From the chart so obtained it appears that the film thickness 
increases almost in proportion to the square root of Z,N/P, as 
if the action were similar to that of thrust-bearing shoes. Two 
curves may be plotted at constant values of b;P, each passing 
through the origin. One curve is drawn for b;P equal to 2 per 
cent, the other for a mean value of 0.93 per cent. The curve 
for the higher value of b;P lies approximately twice as high up as 
the other, showing the importance of the viscosity-pressure effect 
in augmenting load capacity. 

The same chart is applicable to all pairs of gears that are 
geometrically similar regardless of size, provided elastic deforma- 
tions and temperature inequalities are negligible to the approxi- 
mation required.” Other performance ratios, such as pmax/P, 
for example, could be plotted in the same way. Thus the au- 
thor’s method of solution by which the change in viscosity of oils 
under pressure is taken into account opens a new and useful ap- 
proach to the theory of gear lubrication. 


AUTHOR’s CLOSURE 


The welcomed comments set forth in the discussions of this 
paper indicate a real interest in lubrication problems. 

Professor Black injects the question of surface roughness. This 
factor must receive more and more attention in our future prob- 
lems in lubrication. 

Commander Burwell has, in effect, stated that the mechanism 
of operation of extreme-pressure lubricants is not covered by the 
hydrodynamic theory. The author believes that this is only 
partly the case. In the hydrodynamic theory, we assume that 
there is “perfect adhesion”’ between the lubricant and metal sur- 
face, i.e., no slippage. Probably this “perfect adhesion’ never 
exists, but the extreme-pressure lubricant may give less sur- 
face “‘slippage”’ than do the ordinary lubricants, and thus a better 
lubricating action, at least, in some cases. R. G. Larsen and 
G. L. Perry*® observed this adhesive action in their experiments 
on additive-containing mineral oils. Thus, while the hydro- 
dynamic theory does not possess the power of correction for this 
surface “slippage,” it may correct for certain yet unobserved 
“rate-of-distortion”’ effects (the fundamental distinguishing basis 


17 Author’s Bibliography (15), p. 90. 

18 “Investigation of Friction and Wear Under Quasi-Hydrody- 
namic Conditions,’ by R. G. Larsen and G. L. Perry, Trans. 
A.S.M.E., vol. 67, Jan., 1945, pp. 45-50. 
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upon which the hydrodynamic theory is propounded), and so it 
would be unwise to state that the theory’s corrective measures 
were nil. Commander Burwell scored another point when he 
mentioned the importance of the ‘‘time element”’ in his reference 
to the recent work of A. F. Underwood. This time-effect prob- 
lem or ‘“‘nonsteady state”? problem is a most interesting one; it is 
interesting because it has never been solved, except for certain 
limited cases where the restrictions are most severe. It has been 
the dream problem of the mathematicians for years. However, 
the author believes that if carefully conducted experimental re- 
search work were closely correlated with theoretical work on such 
problems, worth-while results could be accomplished. Comman- 
der Burwell, and this is stated in all seriousness, the field is wide 
open. 

Messrs. Engvall and Hammer propose Rat a correlation be 
made between the physical dimensions of the gears, the design 
factor K, and the findings of this work on lubrication. Such a 
correlation is highly desirable. With reference to their (Engvall 
and Hammer) comments on the K value for reduction gearing, 
it can be added that, in this paper on the lubrication of the gears, 
no mention has been made of the ‘dynamic loads” on the film. 
Such loads must be considered when choosing the proper K 
value. Engvall and Hammer ask for a clarification of the value 
of 6 = 0.0000414 (psi)~! used by the author in problem No. 3. 
The value of 6 is found through experimentation. Theoretically 
it should be constant but actually for this particular case, it 
ranged in value from 6 = 0.0000410 (psi)~! to 6 = 0.0000906 
(psi) ~!, as can be seen from an examination of Table 4 of reference 
(2). The author intentionally selected a low value (yet within 
the range) of 6 to throw emphasis upon certain points which he 
wished to stress in problem No. 8. However, he agrees with 
Engvall and Hammer that for future. references to this paper, 
one should have this graph plotted for more nearly an average 
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value of 6, namely, 6 = 0.0000759 (psi) ~!. 
in Fig. 8 of this closure. 

The author cannot quite agree with Mr. Fuller’s statement 
that “most all gears wear.”” Tests made on gears running under 
normal load making millions of contacts have shown no measur- 
able amount of wear as long as they were well lubricated, yet 
these same gears become worn out in a matter of a few hours when 
deprived of a lubricant. The lubricant just plainly does some- 
thing. 

Mr. Hersey has asked for a brief outline of the steps required 
in the derivation of the variable-viscosity equations. Such steps 
are given here for the z-component equation only. The funda- 
mental basis upon which the hydrodynamic theory is founded is 
that resistance to distortion depends upon the “‘rate”’ of change of 
shape. It may be seen that the z-component (pz,) of the nor- 
mal stress of an elementary cube of fluid can be expressed in 
terms of the “rate” of distortion components as follows 


ee Ou 4 Ov 4 Ow 42 Ou [31] 
—p—- = — — ae 
PooiBe, \Dard Opens ae 


The z-component of the equation of dynamical equilibrium is 


Such a graph is found 
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Now, if we differentiate Equation [31] with respect to x, treat- 
ing w as a function of x, we shall have an expression for Oprr/O0x 
which may be inserted into Equation [32]. Similarly, expres- 
sions may be gained for Op,2/Oy and Op,./0z. Upon substituting 
these expressions into Equation [32], the variable viscosity, 
Equation [2] of the paper is formulated. It is interesting to 
note that similar variable-viscosity equations recently appeared 
in a German publication. Mr. Hersey has shown how the 
very important tool ‘“‘dimensionless co-ordinates’? may be used 
to a decided advantage. 

Messrs. Black, Burwell, Engvall and Hammer, and Fuller call 
attention to the fact that temperature variation would alter 
these results. This is true, but the constant-temperature as- 
sumption was clearly stated. More work in which the tempera- 
ture is considered variable may be forthcoming. 

As a final comment, the author suggests that the oil wedge 
may have a decided “‘cushioning effect’’ on the dynamic loads on 
gear teeth. The present-day electrical apparatus is so highly 
developed that this ‘“‘cushioning effect’? might well be detected 
and measured through the use of condenser plates; such a 
method has recently been employed in measuring the thickness 
of the lubricating-oil wedge in journal bearings. Thus the 
author proposes that it might be desirable to begin a new series 
of tests on gears. 


Relation of Surface-Roughness Readings 
to Actual Surface Profile 


By L. P. TARASOV,! WORCESTER, MASS. 


Studies of surface finish have shown the desirability of 
relating profilometer roughness readings to actual peak- 
to-valley distances of the type that a micrometer meas- 
ures. Approximate multiplying factors for converting 
profilometer readings into peak-to-valley roughness have 
been obtained from taper sections of a variety of abrasive- 
finished steel surfaces with profilometer roughness in the 
range of 1 to 100 microinchesrms. For cylindrical ground 
surfaces, the factor can be taken as about 4!/,; for other 
types of fixed-abrasive finishes, as 6 or 7; and for loose- 
abrasive-lapped surfaces, as 10. These are mean values 
and individual factors may deviate by as much as one third 
of the mean value. The factors quoted give values for 
“predominant peak’’ roughness; they should be doubled 
to obtain ‘‘deepest maximum”’’ roughness, this being a 
second way of describing the peak-to-valley roughness. 
No evidence was found of any increase in the factor for a 
given type of finish with a decrease in the profilometer 
roughness, even for the finest surfaces studied. 


Types or RouGHNESS MEASUREMENTS 


T has become a well-established practice in this country to 
] specify the roughness of a surface in terms of a special kind 
of average distance, which is the root-mean-square devia- 
tion of the surface irregularities from the mean surface. This dis- 
tance is shown in Fig. 1, which represents the magnified profile 
curve of an idealized surface. The rms roughness can be read 
directly by the profilometer, or it can be calculated from the 
graphical record made by the Brush surface analyzer. 

The question arises from time to time as to the physical signifi- 
cance of such areading. In other words, how far below the peaks 
are the deepest valleys for an ordinary surface whose rms rough- 
ness is known? This question has always been of interest because 
one can visualize the peak-to-valley distance in terms of the type 
of reading obtainable with a micrometer, whereas it is extremely 
difficult to visualize an rms value in terms of the details of the 
surface profile. 

The unit for roughness measurements is the microinch. 
This is merely 0.000001 in. and is just the same kind of a unit for 
linear measurements as is 0.001 in. The fact that profilometer 
roughness measurements are expressed in rms microinches, which 
are not readily visualizable, does not mean that the linear micro- 
inch itself is such a unit. It is the purpose of this paper to show 
how roughness measurements can be converted to linear micro- 
inches that can be readily visualized and are handled in the same 
manner as any other linear dimension. 

As the subject of surface finish is developing, attention is being 
paid to waviness, which comprises irregularities more widely 
spaced than those making up roughness, the limit between the 
two having been arbitrarily set at 0.040 in. The two types of 
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Sections ILLUSTRATING A TYPICAL SURFACE 
(a, True profile section magnified equally in horizontal and vertical direc- 


tions. 5b, Exaggerated appearance of same section by further magnification 
of 25 times in vertical direction only, horizontal magnification remaining the 
same as in a.) 
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Fie. 2 Secrion oF a SurFAcE SHowine Born RovuGHNESS AND 
WavIneEss IRREGULARITIES 


(Vertical magnification 125 times greater than horizontal magnification. 

Roughness, consisting of the fine irregularities, is superimposed on waviness, 

which comprises the gradual curvature with a wave length greater than 
0.040 in.) 


surface irregularities? are depicted schematically in Fig. 2. Since 
waviness is always expressed in terms of total height, any worth- 
while comparison of the waviness and the roughness of a surface 
requires that both be expressed in the same type of units. Here 
again it is found desirable to convert the rms roughness (/rms) 
to the peak-to-valley roughness (Amax). 

Such a conversion must be made empirically for two distinct 
reasons. In the first place, every surface contains a considerable 
proportion of roughness irregularities smaller in magnitude than 
the largest ones. All the roughnessirregularities contribute to the 
rms value, and therefore the rms value is necessarily smaller than 
if it were calculated on the basis of the larger irregularities alone. 
Thus the ratio of max to Arms depends on the detailed characteris- 
tics of the surface. Furthermore, an rms value of the roughness ob- 
tained by a tracer-type instrument is not that for the roughness 
profile itself but rather for the profile as interpreted by the instru- 
ment. The tracer point and the electrical and mechanical char- 
acteristics of the instrument enter into the interpretation. The 
distinction between the actual profile and the interpreted version 
is particularly important when the roughness irregularities are 
such that their bottoms cannot be reached by the tracer point, 
whose radius of curvature at the spherical tip is 500 microinches 
(0.0005 in.) in both the profilometer and the Brush surface ana- 
lyzer. These matters are discussed in some detail by Way.? 


2 “Proposed American Standard for Surface Roughness, B46,” 
published by the A.S.M.E., 1940; also ‘‘Surface Finish,’’ by L. H. 
Milligan, Grits and Grinds (Norton Company publication), vol. 34, 
no. 10, Oct., 1943, pp. 1-10. 

3“Description and Observation of Metal Surfaces,’’ by Stewart 
Way, Proceedings of the Special Summer Conference on Friction 
and Surface Finish, Massachusetts Institute of Technology, Cam- 
bridge, Mass., June, 1940, pp. 44-75. 
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ExistinGc Data ON CONVERSION FroM ONE TyprE OF ROUGHNESS 
MEASUREMENT TO ANOTHER 


Some information on the quantity hmax/hrms has appeared in 
the literature. For a simple sine wave, this is of course equal to 
24/2 or 2.8. For profile records of actual surfaces, however, the 
ratio is likely to be from 3 to 5, according to Abbott, Bousky, and 
Williamson,‘ who obtained their values of both Amax and hrms 
from tracer-point measurements. To the extent that the tracer 
point was unable to reach the bottoms of the roughness irregulari- 
ties, the recorded values of hmax were lower than those actually 
present. Thus the ratio of the real value of hmax to the tracer- 
point value of rms could in such cases be greater than 5. 

Much higher ratios than those of Abbott were found by Way?:5 
for cylindrically ground surfaces, for which the Aims values were 
known from profilometer readings, while hmax was obtained by the 
straightedge shadow method. In this method, the irregularities 
in the surface cause corresponding irregularities in the shadow of 
a straightedge in contact with the surface, the shadow being 
viewed through a microscope. Way’s results indicate that the 
ratio increases from 3 for extremely rough surfaces to about 10 
for commercial finishes and to as high as 25 or 30 for very finely 
ground surfaces. 

A third set of ratios can be obtained from Nelson’s work on ta- 
per sections of steel surfaces prepared by various abrasive opera- 
tions. A taper section is one taken at a small angle to the sur- 
face so that the surface irregularities are magnified much more in 
depth than in width. An optical magnification of 100 diam, su- 
perimposed on a vertical magnification of 25 due to taper sec- 
tioning, has been found convenient, this combination giving a hori- 
zontal magnification of 100 and a vertical one of 2500. 

A photomicrograph of such a section is capable of furnishing 
the most accurate picture of the true depths of the surface irregu- 
larities. Nelson’s values of hmax, which he determined from the 
taper sections, together with the corresponding profilometer val- 
ues Of hrms, lead to ratios that are in general intermediate to those 
found by Abbott and those found by Way, but there is a great 
deal of scatter. 

Thus we have the situation that a factor for converting an rms 
roughness reading to total roughness depth can apparently be 
chosen to suit one’s taste. Actually, as will be shown in this 
paper, there is good reason to believe that the uncertainty in the 
ratio of Amas to Arms is much less than the foregoing would indi- 
cate, provided proper consideration is paid to the type of finish 
involved and to a clear definition of just what is meant by hmax. 


PREPARATION OF SPECIMENS USED IN PRESENT STUDY 


The present work is based upon a detailed examination of Nel- 
son’s taper sections, of which only a few were published. The 
surfaces in question were all finished by various abrasive meth- 
ods, the specimens being §.A.E. 6150 steel hardened and tempered 
to approximately Rockwell C42. Both cylindrical and flat speci- 
mens were used. The profilometer readings for the cylindrical 
specimens were taken along the axial direction, the highest values 
being obtained in this manner for the reason that the lay of the 
surface, in those cases in which it was unidirectional, was perpen- 
dicular to the axial direction. The flat specimens were measured 
in analogous manner relative to the lay. The surfaces had been 


4“The Profilometer,” by E. J. Abbott, S. Bousky, and D. E. 
Williamson, Mechanical Engineering, vol. 60, 1938, pp. 205-216. 

5 Way’s ratios are also discussed briefly in “Surface Finish,’”’ by 
G. Schlesinger, American edition published by the Society, 1942, 
pp. 29-30. 

6 “Taper Sectioning as a Means of Describing the Surface Contour 
of Metals,’ by H. R. Nelson, Proceedings of the Special Summer 
Conference on Friction and Surface Finish, Massachusetts Institute 
of Technology, Cambridge, Mass., June, 1940, pp. 217-238; also 
American Machinist, vol. 85, 1941, pp. 743-747. 
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carefully prepared to have certain profilometer readings in con- 
nection with a general study of the effect of surface finish upon 
frictional properties,’ but with no thought of obtaining the type of 
data to be described herein. Since no attempt was made to con- 
trol the conditions of preparation such as might have been made 
if the specimens had been finished primarily with the present 
study in mind, the surfaces can be taken as representative of good 
abrasive-finishing practice and not involving any unusual] restric- 
tions on the method of preparation. For this reason, the ratios of 
hmax tO Arms obtained for these surfaces should be generally ap- 
plicable to hardened and tempered steels finished by abrasive 
methods to corresponding profilometer readings, and the spreads 
in the ratios should be about the same as would occur in practice. 
The methods used for preparing the surfaces included grinding, 
hyprolapping,® sandpapering, superfinishing,® and loose-abrasive 
lapping. Details of the methods by which most of the surfaces 
were obtained have been described elsewhere.*:7_ There is no ad- 
vantage in repeating these details here inasmuch as the final re- 
sults can be correlated only with the type of finish and not with 
the particular size or kind of abrasive that happened to be used. 


“(PREDOMINANT PEAK” AND ‘‘DEErpest Maximum” ROUGHNESS 


Careful examination of the taper sections revealed that most of 
the surfaces could best be visualized in terms of two sorts of peak- 
to-valley roughness. One of these, the roughness that occurs more 
or less uniformly over the whole surface, we are designating as 
“predominant peak” roughness. The other, here termed ‘‘deep- 
est maximum” roughness, comprises the deepest irregularities 
occurring at intervals that are large compared to the width of the 
irregularities themselves but, occurring closer than 0.040 in., are 
still too close together and too numerous to be disregarded as 
flaws. 


Fie. 3 Taper Section or CyYLInpRICAL SURFACE FINISHED BY 
GRINDING 


(Profilometer reading was 12 microinches rms, The dark portion is the 

steel while the white is the nickel plate protecting the steel surface. Hori- 

zontal magnification is 100; vertical magnification is 2500X. The upper 

and middle black lines define the predominant peak roughness while the 
upper and lower lines define the deepest maximum roughness.) 


The two types are well illustrated in Fig. 3, which depicts a 
taper section, at a horizontal magnification of 100 and a vertical 
magnification of 2500, of a ground surface that reads 12 micro- 
inches rms on the profilometer. The predominant peak rough- 
ness is measured between the upper and middle lines while the 
deepest maximum roughness extends, in half a dozen spots, from 
the upper to the lower line. Only the ends of the lines are drawn 
because, if the full lines were shown, the roughness irregularities 
would be obscured. It is to be noted that the same upper line is 
chosen for both predominant peak and deepest maximum rough- 
ness. It is appropriate to measure both kinds of roughness from 


7 “Surface Finish of Journals,” by R. W. Dayton, H. R. Nelson, 
and L. H. Milligan, Mechanical Engineering, vol. 64, 1942, pp. 718- 
726. 

8 Hyprolapping is a Norton mechanical process similar to machine 
lapping except that bonded abrasive disks are substituted for the 
cast-iron plates and loose abrasive used in machine lapping. 

* Superfinishing is a Chrysler process employing reciprocating 
bonded-abrasive sticks at low pressures. 
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a common line along which contact would first be made with an 
ideal mating surface. 

The location of the base line for the determination of predomi- 
nant peak roughness is chosen visually through the use of a trans- 
parent straightedge superimposed on the section showing the sur- 
face profile. This line is located by trial and error in a position to 
serve as a base for the roughness irregularities extending as peaks 
above it. As the straightedge is raised from a low position, this 
is the level at which valleys begin to be intersected at frequent in- 
tervals. The distance from the base line for the predominant 
surface irregularities to the highest portions of the surface defines 
the predominant peak roughness. 

For some surfaces the predominant peak roughness and the 
deepest maximum roughness are the same. Usually, however, 
there are deep scratches occurring often enough to be classified 
as roughness and not as waviness or flaws, and yet not often 
enough to represent a true base line for the surface irregularities 
themselves. 

Predominant peak roughness is considered significant because 
the general frictional behavior of an ordinary abrasive-finished 
surface in original contact with another is most likely to be de- 
termined by the roughness irregularities present everywhere 
rather than by the widely separated deep irregularities constitut- 
ing deepest maximum roughness. There is little reason to ex- 
pect that an increase in the depth of the deepest irregularities 
will affect the contact behavior if the predominant peak rough- 
ness remains unchanged. 

Usually it is not difficult to decide upon a value of predominant 
peak roughness that is reasonably reproducible, say within a 
range of one fourth of its numerical value. Greater accuracy 
could perhaps be obtained by specifying that the lower line 
bounding the region of predominant peak roughness intersect the 
peaks and valleys at such a level that only some small fraction of 
the line would be situated in the valleys. An analogous method 
has been used by Abbott and Firestone to construct depth versus 
bearing-area curves from tracer-point profile records.!° For the 
purposes of the present study, however, it is felt that sufficient 
accuracy is obtained by estimating visually, with the aid of a 
transparent straightedge, the position of the lower line for the 
predominant peak roughness, 


REPRESENTATIVE TAPER SECTIONS 


Various typical taper sections together with the lines defining 
the predominant peak and deepest maximum roughness are shown 
in Figs. 3to 9. All the taper sections, except Figs. 6 and 9, have 
a horizontal magnification of 100 diam and a vertical one of 2500; 
for Fig. 6, the corresponding magnifications are 500 and 10,000; 
while for Fig. 9 they are 20 and 500. 

The sandpapered surface of Fig. 4 resembles the ground sur- 
face of Fig. 3 and requires no comment. Fig. 5 shows a super- 
finished surface having a profilometer reading of 1.6 microinches 
rms. Although the roughness irregularities are barely visible in 
the reproduction, it was possible to draw satisfactory lines and to 
measure the distance between them by performing the uperations 
under a binocular microscope at 10 diam. A taper section at a 
higher magnification of a different portion of the same surface is 
shown in Fig, 6, and here the surface irregularities are clearly visi- 
ble. In this particular case, the same values of predominant 
peak and deepest maximum roughness were obtained at 10,000 
vertical magnification as at 2500; in two other cases, however, 
the higher magnification appeared to give a much lower peak-to- 
valley distance than did the lower magnification, but this was 
evidently because the extremely short length of the surface ap- 
pearing in the high magnification taper section was not repre- 


10 “Specifying Surface Quality,” by E. J. Abbott and F, A. Fire- 
stone, Mechanical Engineering, vol. 55, 1933, pp. 569-572. 


sentative of the surface asa whole. Even for very fine surfaces, it 
appears that a horizontal magnification of 100, which results in a 
vertical magnification of 2500, is more useful than a higher one, 
unless the length of the photomicrograph is correspondingly in- 
creased for the higher horizontal magnification. 

A loose-abrasive-lapped surface is shown in Fig. 7, and a hy- 
prolapped one in Fig. 8, in both of which the distinction between 
predominant peak and deepest maximum roughness is very clear. 
The roughness irregularities do not actually undercut the surface 
but appear to do so in these taper sections because the individual 
abrasive grain marks are not parallel to the direction of the slope of 
the taper section. 

A surface for which it is difficult to determine the predominant 
peak roughness is the very rough-ground one in Fig. 9, having an 
average profilometer reading of 105 microinches rms. Examina- 
tion of this taper section shows it to consist of a coarse roughness 
superimposed on a fine roughness. The fine roughness character- 
istic is evidently due to the scratches cut by individual abrasive 
grains, whereas the coarse roughness has resulted from the cutting 
action of groups of abrasive grains. Since the wave length of 
coarse irregularities in this case is less than 0.040 in., we are deal- 
ing by present definition with coarse roughness and not with 
waviness. 

For this unusual type of surface, how should the values for 
predominant peak and deepest maximum roughness be chosen? 
In deciding this question, the type of reading obtained with the 
profilometer should be considered, the tracer point of which 
mainly measures the coarse roughness. 

Therefore, it is logical to conclude that the predominant peak 
roughness should be measured for the gradual large-scale varia- 
tions of the coarse roughness, rather than for the fine irregulari- 
ties in this taper section. The calculation of predominant peak 
roughness is justified for the large-scale variations because their 
spacing apart is similar to their width. To qualify as deepest 
maximum roughness, the spacing must be many times greater 
than the width of the roughness irregularities, 


PEAK-TO-VALLEY ROUGHNESS VERSUS PROFILOMETER ROUGH- 
NESS 


The results of such measurements of predominant peak rough- 
ness for a variety of cylindrical surfaces are plotted in Fig. 10 as a 


Fie. 4 Taper SECTION OF CYLINDRICAL SuRFACE FINISHED BY 
SANDPAPERING 


(Profilometer reading was 8 microinches rms. Horizontal magnification is 
100X, vertical magnification is 2500.) 


a 


Fie. 5 Taper Section oF CYLINDRICAL SURFACE FINISHED BY 
SUPERFINISHING 


(Profilometer reading was 1.6 microinches rms. Horizonta magnification 
is 100X, vertical magnification is 2500 X.) 
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Fic. 6 ANnoTHER TAPER SECTION OF SUPERFINISHED SURFACE 
SHown IN Fia. 5, BuT av A HIGHER MAGNIFICATION 
(Horizontal magnification is 500%, vertical magnification is 10,000.) 


TapPEeR SECTION OF CYLINDRICAL SURFACE FINISHED BY 
Loosr-ABRASIVE-LAPPING 


(Profilometer reading was 3.5 microinches rms. Horizontal magnification 
is 100, vertical magnification is 2500.) 


Fie. 7 


Fig. 8 Taper SECTION OF CYLINDRICAL SURFACE FINISHED BY 
HyYPROLAPPING 
.3 microinches rms. 


(Profilometer reading was 2 Horizontal magnification is 


100 X, vertical magnification is 2500.) 


Cy 


Fic. 9 Taper SecTION oF CYLINDRICAL SURFACE FINISHED BY 
RovuGH-GRINDING 


(Profilometer reading was 105 microinches rms. Horizontal magnification 
is 20, vertical magnification is 500 X, both considerably lower than in any 
of the other taper sections.) 


function of the profilometer reading. For the predominant peak 
roughness, the ground surfaces lie close to a straight line such 
that the ratio, hmax//rms, is constant along that line. Thus this 
ratio, which is the multiplier for converting profilometer readings 
into peak-to-valley roughness, is essentially the same for ground 
cylindrical surfaces ranging from the smoothest (1.6 microinches 
rms) to the roughest (105 microinches rms). This represents the 
range of roughness values normally encountered in ground sur- 
faces. The points representing the other types of abrasive finish 
lie a little above this line, indicating that the ratio Ainax/hrme iS 
somewhat higher for them than for ground surfaces. 

It now becomes convenient to discuss the results for the various 
surfaces in terms of the ratio hmax/rms and they are tabulated 
on that basis in Table 1, which also includes the results for flat 
surfaces. The ratios have been calculated for both predominant 
peak and deepest maximum roughness and are listed in the order 
of decreasing profilometer reading for each type of finish. The 
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values of hmax/h,ms for the predominant peak roughness of cylin- 
drical ground surfaces are practically the same for the whole 
range of roughness studied, the comparatively small variations 
being of a random nature. For these same surfaces, hmax/Mrms 
for the deepest maximum roughness is higher for the smooth 
finishes than for the medium or rough ones. The corresponding 
data for the flat ground surfaces show a greater scatter in the ra- 
tios. 

The cylindrical surfaces that were hyprolapped, sandpapered, 
or superfinished, all show a decrease in the ratio with decreasing 
profilometer reading, and this is true of both the predominant 
peak and the deepest maximum roughness. The same can also be 
said of the flat surfaces that were sandpapered or superfinished. 
This behavior is opposite to the general assumption that the finer 
the finish, the greater the ratio Ayax/Arms. The decrease ac- 
tually observed in the ratio is very likely real since it occurred in a 
number of instances. In the case of the cylindrical sandpapered 
surfaces, the taper sections showed that the width of the individ- 
ual irregularities remained more or less the same while their 
depth became considerably less as the finish improved; thus the 
tracer point was enabled to come relatively closer to the bottoms 
of the irregularities and the difference between hy», and the 
measured value of h,,,, diminished. Probably the same thing 
happened in the other cases in which the ratio was less for the 
smoother finishes. 

The values of hmax/hrms for the loosé-abrasive-lapped surfaces 
vary irregularly with respect to the profilometer readings and the 
scatter is considerable. 

A comparison of the ratios for the various types of surfaces is 
facilitated by considering only their average values, as is done in 
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Cylindrical surfaces 
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RATIO OF PEAK-TO-VALLEY ROUGHNESS (hmax) TO PROFILOMETER READING 
(Arms) FOR VARIOUS CYLINDRICAL AND FLAT SURFACES 


Flat surfaces 


Profilometer =—hmax/hrms for—— Profilometer max/hrms for——\ 
reading, ““Predomi- Deepest reading, “Predomi- ‘'Deepest 
f microinches, nant peak’? maximum”’ microinches, nant’? peak maximum" 
Type of finish rms roughness roughness rms roughness roughness 
Ground 105 41/9 61/9 11 5 cf 
14 5 81/o 4.5 8 15 
14 4 71/2 LO T/» shal 
12 41/9 i ee Se BON 
2.3 41/> 10 34g ae es 
Dis 31/s 10 ae Ber cate 
1.6 41/4 10 iss ee a 
Hyprolapped 4.0 71/2 14 Ds 51/2 91/5 
2.3 51/2 13 1.2 61/2 21 
Sandpapered 8 As 5.0 71/9 19 
5.0 61/2 10 3.3 61/2 14 
1.4 51/9 ntana he Bes: aoe 
Superfinished 3.5 91/2 16 10 71/2 12 
3.0 ae 12 8 51/2 9 
1.6 5 ali 2.5 31/o 9 
Loose-abrasive- 6.5 71/2 18 5.5 51/2 12 
lapped 4.4 11 20 3.0 13 Le 
3.5 13 23 3.0 iui 22 
2.8 81/2 15 ashy eco ee 
TABLE2 AVERAGE VALUE AND RANGE OF VALUES OF a hes FOR VARIOUS TYPES OF 


FINISH (SUMMARY OF TABLE 1 


hmax/hrms for 
Flat surfaces: 


— Cylindrical surfaces 
‘Predominant peak”’ 


“Deepest maximum”’ 


‘Predominant peak’”’ ‘‘Deepest maximum”’ 


roughness roughness roughness roughness 

Average Range of Average Range of Average Range of Average Range of 
Type of finish value values value values value values value values 
Ground 41/o 31/2- 5 81/2 61/2-10 7 5. = 8 ital Ceo: 
Hyprolapped 61/2 Des 7/2 13 13 -14 6 51/2- 61/2 15 91/9-21 
Sandpapered “a 51/2- 9 12 10-13 7 61/o- 71/2 17 14. -19 
Superfinished 7 5 91/2 13 11 -16 51/2 31/2— 71/2 10 9 -12 
Loose pureelves 10 71/2-13 19 15 —23 10 51/2-13 Ly 12. -22 

appe 


Table 2. The cylindrical surfaces can be separated into three 
groups according to the average value of the ratio hyax/hrms for 
the predominant peak roughness of each group. This quantity is 
41/, for the ground surfaces, close to 7 for the hyprolapped, sand- 
papered, or superfinished ones, and 10 for the loose-abrasive- 
lapped ones. The corresponding average tatios for the deepest 
maximum roughness are almost exactly twice as great. 

Turning to the flat surfaces, the average ratio for the predomi- 
nant peak roughness places the ground surfaces in the same group 
as the hyprolapped, sandpapered, and superfinished ones, for all of 
which the quantity in question is in the vicinity of 6. The loose- 
abrasive-lapped surfaces again have a definitely higher average 
ratio than the rest. The average ratios for the deepest maximum 
roughness of the flat surfaces are erratic when compared to the 
corresponding figures for the predominant peak roughness, being 
anywhere from 50 to 150 per cent greater than the latter. 

The various ratios that have been quoted are, of course, aver- 
ages for all the specimens with a given type of finish. The actual 
ratios for the individual specimens may be anywhere from one 
third less to one third greater than the average ratios, as is re- 
vealed by an inspection of the ranges of values included in Table 
2. This applies to both predominant peak and deepest maximum 
roughness. 

The physical significance of these findings can be summarized 
in the following manner: For cylindrical surfaces finished to a 
given profilometer reading, a ground surface is likely to be slightly 
smoother in terms of peak-to-valley roughness than a hypro- 
lapped, sandpapered, or superfinished one, while a loose-abrasive- 
lapped surface will probably be rougher than the three just men- 
tioned and will almost certainly be rougher than the ground sur- 
face. For flat surfaces finished to the same profilometer reading 
as just mentioned, a ground surface will have about the same 
peak-to-valley roughness as any of the other surfaces except the 
loose-abrasive-lapped one, which will probably be rougher. Com- 
paring cylindrical and flat surfaces finished by the same method 
to the same profilometer reading, a ground surface will very likely 
be smoother when it is cylindrical than when it is flat, while for 
the other types of finishes it will be immaterial whether the sur- 


face is cylindrical or flat. Of course, it should be kept in mind 
that the ground and the sandpapered surfaces are unidirectional 
and were studied across the lay, whereas the hyprolapped, super- 
finished, and loose-abrasive-lapped surfaces have substantially no 
directional characteristics. 

At first glance, it may appear that ther ange of values of hmax 
/Nrmsi8 So broad for a given type of finish that calculations involv- 
ing the average ratio listed in Table 2 are not likely to be of prac- 
tical use. However, even a possible error of one third is not too 
large when it is considered that in shop practice the classes of 
roughness progress by factors of 2. 

The values of the ratio hinax/hrms for predominant peak rough- 
ness are higher for most types of finish than the values of 3 to 5 
proposed by Abbott,‘ the one outstanding and very important 
exception being that of cylindrical ground surfaces, the ratio for 
which agrees satisfactorily with Abbott’s. However, even for 
deepest maximum roughness, the ratios are much lower than 
most of the ratios deduced from Way’s study by the straightedge 
shadow method? of cylindrical ground surfaces. Since the taper 
sections showed no evidence of any increase in the ratio with de- 
creasing roughness, such as was found to a marked extent by 
Way, it appears that the very high ratios for the finer surfaces 
may have been caused by experimental difficulties in getting an 
undistorted shadow of very fine and shallow irregularities. 

To illustrate how the average ratios of Table 2 can be applied, 
we can assume that the profilometer reading is known for a given 
type of surface. Multiplying this reading by the corresponding 
average ratio in the predominant-peak-roughness column gives 
us the roughness in terms of the predominant peak-to-valley 
height, a distance that is easy to visualize and one that is well 
suited for comparisons of roughness and waviness. The occa- 
sional deep irregularities, if needed, are obtained similarly by the 
use of the average ratio in the deepest-maximum-roughness col- 
umn. 

The converse problem, that of establishing a likely value of the 
profilometer reading if hm, is given, requires a knowledge of 
whether or not the deepest maximum irregularities were excluded 
from consideration when h,,,, Was established. If they were ex- 
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cluded, as is likely to be the case, the ratio for predominant peak 
roughness should be used, but if h,,,x is based upon the most pro- 
nounced irregularities, the ratio for deepest maximum roughness 
should be used. In all these examples, the degree of uncertainty 
in the calculated quantity can be obtained by substituting the ex- 
treme values for the average value given in Table 2. 


SUMMARY 


Although roughness is generally expressed in terms of a special 
kind of average distance from the mean surface, h,ms, Such as is 
read on a profilometer, it can also be expressed in terms of the 
peak-to-valley height of the irregularities, h,,,x. It is desirable 
to be able to convert from one to the other, but the available re- 
sults in the literature have not been in agreement. The present 
results have been compiled from a careful examination of numer- 
ous taper sections of cylindrical and flat surfaces of hardened and 
tempered steel finished by various abrasive methods and for 
which values of profilometer roughness were known. In most of 
these taper sections, it was found desirable to distinguish between 
two types of peak-to-valley roughness, predominant»peak and 
deepest maximum. 

For cylindrical surfaces finished by grinding, the ratio hy: 
/Aems for predominant peak roughness was practically the same 
even though the profilometer roughness ranged from 1.6 to 105 
microinches rms. The average value of this ratio for all of these 
surfaces was 4!/2. The corresponding figure for cylindrical sur- 
faces finished by hyprolapping, sandpapering, or superfinishing 
was around 7, while those finished by loose-abrasive-lapping had 
the highest average of 10. The individual values differed from 
the average by as much as one third of the average value itself ex- 
cept for the ground surfaces, which varied less from the average. 
The corresponding ratios for deepest maximum roughness were 
in each case just about double those for predominant peak rough- 
ness. For cylindrical surfaces finished to a common profilometer 
reading, one that has been ground is likely to be somewhat 
smoother, i.e., have a lower peak-to-valley roughness than a hy- 
prolapped, sandpapered, or superfinished surface, while a loose- 
abrasive-lapped one is likely to be rougher than any of the others. 

When the surfaces were flat instead of cylindrical, the average 
ratio hyax/hrms for predominant peak roughness was practically 
the same for ground surfaces as for hyprolapped, sandpapered, or 
superfinished ones, being about 6 for all these finishes. The 
loose-abrasive-lapped surfaces again had a higher ratio than any 
of the others, this ratio being 10, the same as for cylindrical sur- 
faces with this type of finish. The individual values of the ratios 
for the various flat surfaces deviated from the average values to 
the same extent as in the case of the cylindrical surfaces. 

These ratios enable a reasonably satisfactory conversion to be 
made for several types of abrasive-finished surfaces from profil- 
ometer reading to peak-to-valley roughness or vice versa. 
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Discussion 


A. H. Datu.!!_ The author is to be commended for his clear 
analysis of finish interpretation based on the comparison of the 
electrical-measuring method and the taper-sectioning method of 
finish evaluation. His statement, in effect, that ‘predominant 
peak” roughness is more significant in performance than “deepest 
maximum” roughness should find universal agreement. It is to 


11 Research Engineer, Cincinnati Milling Machine Company, Cin- 
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be noted that no explanation for the high ratios of hmax/hrms is 
attempted by the author. It is the purpose of this comment 
to suggest a possible reason for these high ratios on the better 
types of finish. 

A study of Table 1 of the paper reveals that, in every case 
except the loose-abrasive type of finish and the highest-quality 
ground finish, the ratio for each type declines as the quality of 
finish improves. The fact that grinding finishes, in general, show 
ratios nearer to the theoretical values may be significant, since 
the grinding operation usually generates an entirely new surface, 
while the other operations rework a ground surface to a greater or 
lesser degree. It is suggested, therefore, that the previous his- 
tory of the surfaces which are superfinished, hyprolapped, etc., 
may be a determining factor in the ratios indicated. In loose- 
abrasive lapping, particularly, the abrasive particles may cut 
on the sides and bottoms of the deep grinding scratches as well 
as on the elevated regions. As the appearance of a surface is 
governed by the distribution of the light reflected therefrom, and 
this in turn is determined largely by the character of the finish on 
the sides of the ridges and valleys of the surface asperities, a 
surface may often appear to have been lapped so as to eliminate 
all grinding imperfections, when actually this is not so. In 
several instances it has been found that a lapped surface on which 
no grinding scratches were visible exhibited a definite grinding- 
scratch pattern again after light superfinishing. 

This raises the question whether each of the hyprolapped, 
sandpapered, superfinished and loose-abrasive-lapped surfaces 
listed in Table 1 had actually been worked to a point where every 
vestige of the original ground surface had been eliminated. 
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PHOTOMICROGRAPHS OF SURFACE WORKED BY SPECIAL 
SUPERFINISHING TECHNIQUE 


Fig. 11 


A 3.5 microin. rms D_ 1.0 microin. rms 
B_ 1.4 microin. rms E 0.9 microin, rms 
C 1,1 microin, rms 


Fig. 11 of this discussion shows a series of bright field photo- 
micrographs of a surface which was worked by a special super- 
finishing technique using extremely fine stones and an effective 
cutting fluid. The original ground surface A was 3.5 microin. 
rms, and successive members of the series B, C, D, and H show 
the same spot on the workpiece after superfinishing for 15 sec, 
30 sec, 45 sec, and 60 sec, respectively. In C, the frequency of 
the scratches remaining from the grind would be sufficient to 
influence the appearance of the taper section, as with this method 
of investigation it is inherent that the depths of occasional 
scratches are magnified more than their distribution. Thus 
these scratches would also be used in the calculation of pre- 
dominant peak roughness ratio, but their frequency is not 
sufficiently high to affect the profilometer reading appreciably, 
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as the fidelity of such readings decreases with decreasing fre- 
quency. The profilometer reading for C averaged 1.1 microin. 
rms. 

-It is quite possible on this finish that the “predominant peak”’ 
measurement would be only slightly different from the original 
grind. The predominant peak roughness ratio would therefore 
be of the order of 12. 

It would therefore seem possible that the reason for the high 
values of predominant peak roughness ratio obtained with the 
loose-abrasive-lapping method may not be due so much to an 
inherent characteristic of this type of finish, as to the incomplete 
removal of deep scratches produced in a preliminary grinding 
operation. At the present time with most commercial methods 
of finishing, it is quite difficult to determine when all such 
scratches have been eliminated. 

Tt will also be noted from the photomicrographs that the fre- 
quency of the residual grinding scratches varies from one area to 
another; thus the roughness indication of a taper section may 
vary in accordance with the particular area in which this section 
happened to be taken. 


D. E. Wriuramson.!2 The present paper is a comparison of 
two widely different means of designating the roughness of sur- 
faces finished with abrasives. One striking difference in the 
two methods is that, whereas the “tracer method” gives a non- 
destructive test, taper sectioning renders the sample unsuitable 
for future examination or use. For this reason, the tracer method 
is so attractive that we may well examine its possible disad- 
vantages. 

The principal objection to the tracer method seems to be that a 
0.0005-in-radius tracer point is suspected of failing to bottom the 
valleys of the roughness to such a degree that readings obtained 
are reasonably reduced. An extension of this feeling is that 
profile records made by the tracer method are likewise unre- 
liable, this usually without consideration as to whether the pro- 
file records were made with a 0.0005-in-radius point or one many 
times sharper. Although tracer-point radius studies have been 
made, published, and talked about for years, most of this work 
(and certainly the selection of a suitable standard radius) has 
been done by the instrument manufacturers and is therefore sus- 
pected of prejudice. 

Another source of confusion is a result of the convenience of 
showing profile records with greatly different horizontal and 
vertical magnification. It just does not seem possible that a 
tracer point could be made to bottom these greatly sharpened 
valleys. And then there is the added fact that a 0.0005-in-radius 
point does indeed fail to bottom an occasional valley. 

In view of the foregoing, it is the writer’s belief that faith in the 
tracer method would be strengthened if some impartial experi- 
menter would attempt to determine just how faithfully a point 
of a given shape can be expected to reproduce surfaces of various 
characters. In this work the experimenter should pin his faith 
on logic and the scientific method, and not on an arbitrarily 
adopted standard of perfection. One of the tests which he 
might make would be to prepare graphs of average roughness 
reading (ordinate) versus tracer—point radius (abscissa). If any 
portion of this curve is horizontal, it might be concluded that 
readings are independent of tip radius in that range. 

Also, in comparison studies, such as that reproduced here- 
with, it would be interesting to compute the average roughness 
by graphical means in an attempt to ascertain whether or not 
apparent anomalies are due to the tracer point. For instance, 
it is suggested that the tendency of the profilometer to indicate 
the larger irregularities in Fig. 9 of the paper is due to the 


12 Research Engineer, Lincoln Park Industries, Inc., Lincoln 
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squared element in a “root-mean-square” average, and not be- 
cause the tracer point fails to enter the smaller irregularities, In 
fact it appears, from rather superficial examination of the half-tone 
reproductions, that a 0.0005-in-radius point would bottom essen- 
tially all of the irregularities shown in the paper. 

The determination of the ratio of hmax/hrms here given may 
well prove more useful than the factors previously published. 
The difference between the author’s values and those referred to 
as published by Abbott, Bousky, and Williamson‘ is probably 
due to the difference in what was meant by max. The earlier 
value was obtained from profile records made with a 0.00005-in- 
radius (approx) diamond point, and profilometer readings taken 
using a 60-deg, 0.0005-in-radius point. Even though a different 
definition of imax was used, it was recognized that ratios of greater 
than 5 frequently occurred. 

A point of interest is that the present data are based on the 
shop practice used in preparing Nelson’s specimens,® and it would 
be interesting to ascertain if these results would compare favor- 
ably with data from samples prepared elsewhere. If so, this 
would indicate that the words “grinding,” “hyprolapping,”’ 
“sandpapering,” etc., are also descriptive of surface character. 

The author is to be commended on his treatment of the experi- 
mental data and preparation of this paper, and it is to be hoped 
that more work along these lines will be forthcoming. 


AuTHOR’s CLOSURE 


The author appreciates the additional information and com- 
ments offered by the discussers and is pleased to find that the 
distinction set up between the two kinds of roughness, pre- 
dominant peak and deepest maximum, appears to serve a useful 
purpose. 

Mr. Dall has presented some very interesting evidence that 
abrasive operations other than grinding may not completely 
eliminate the deepest scratches left by the preceding operation. 
The question of how the presence of residual scratches may affect 
the ratio Rhmax/Arms, i.e., the conversion factor, is a very impor- 
tant one and deserves detailed consideration. First, we have to 
determine what this effect may be; and second, we have to see to 
what extent residual scratches may have been present in the sur- 
faces for which the conversion factors were calculated in this 
paper. 

The spacing of the grinding scratches in the superfinished sur- 
faces shown in Fig. 11 can be taken as characteristic of residual 
scratches in general. If we had a taper section through any of 
the superfinished surfaces, we would find that the grinding 
scratches left after superfinishing are spaced far apart compared 
to their own width; consequently, they contribute to the deep- 
est maximum roughness. The predominant peak roughness, by 
definition and by measurement method, is composed of the closely 
spaced and comparatively shallow superfinishing scratches cover- 
ing the rest of the surface and therefore is not affected by the 
widely spaced scratches remaining from grinding. 

This means that in so far as predominant roughness of abra- 
sive-finished surfaces other than ground ones is concerned, 
neither the observed high values of the conversion factors nor 
their decrease with improved finish can be explained by refer- 
ence to any residual scratches that may be left from the preced- 
ing operation. The explanation given in the paper (in the 
paragraph of the second column that is next to Fig. 7), which is 
based on the approximate constancy of the widths of the valleys 
as their depths decreased with improved finish, appears to be the 
most satisfactory that can be proposed at the present time. 

We can now turn to the conversion factors for deepest maxi- 
mum roughness. Since occasional irregularities either may be 
left from the preceding operation or may be introduced during 
the final one, it is necessary to consider the depth to which the 
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material was removed from the actual specimens during the final 
abrasive operation. 

Highly accurate measurements of the material removed, made 
during the preparation of the cylindrical specimens, showed 
that enough was removed to get below the deepest scratches 
likely to have been present except in the case of the superfinished 
cylindrical surfaces and here it is probable that residual scratches 
contributed to the deepest maximum roughness. The reason 
for eliminating residual scratches as far as possible was to obtain 
surfaces representative of the final abrasive operation only. 
This was done by continuing, when necessary, the abrasive opera- 
tion beyond the time that might be considered usual in com- 
mercial practice. 

As regards the flat specimens, our records show that residual 
scratches from the preceding operation were definitely present 
in the finer hyprolapped surface, in both sandpapered ones and in 
the finest superfinished one; there is also a possibility that the 
same was true for the other two superfinished surfaces. In all 
other cases, it is certain that enough stock was removed to elimi- 
nate all residual scratches. 

To the extent that commercially prepared surfaces do contain 
residual scratches, the conversion factors reported in this paper 
for deepest maximum roughness may be low. Since the depth 
of the residual scratches obviously depends on the manner in 
which the surface was prepared prior to the final operation, 
it is not possible to predict how the conversion factor for deepest 
maximum roughness should be corrected in such cases. This, 
however, is not particularly important inasmuch as even in the 
absence of residual scratches there is considerable uncertainty 
concerning the importance of the deepest maximum roughness, a 
quantity that does not appear to be a true characteristic of a 
surface. The main purpose in listing the deepest maximum 
conversion factors was to show why such high values of Rmax 
have been reported by others for very smooth surfaces. The 
thing to be kept in mind is that one of the really significant char- 
acteristics of a surface, the predominant peak roughness, is not 
affected by residual scratches, so that the corresponding conver- 
sion factors are likewise not affected. 

The author is in general agreement with the comments made by 
Mr. Williamson, especially about the desirability of further 
work, the present study being essentially of an exploratory na- 
ture. One idea that this paper should dispel is the widely prey- 
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alent one that commercial instruments for measuring rough- 
ness, furnished with tracer points of 0.0005-in. radius, lose their 
sensitivity below approximately 10 microinches rms, thus caus- 
ing the conversion factor to increase very rapidly with decreasing 
meter reading. Absolutely no evidence was found to substan- 
tiate this belief, as will be seen by referring to Table 1 in the 
paper, where conversion factors are listed for obtaining pre- 
dominant peak roughness from profilometer readings. Thus 
in the second numerical column in that table it is seen that for 
surfaces finished by a given method there is no tendency for 
smoother surfaces to give higher conversion factors. In fact, 
for those methods of finish which show any trend at all, whatever 
trend there is, is in the opposite direction. The results also show 
that the method of producing the surface affects the relation- 
ship between meter reading and peak-to-valley distance. 

For anyone who wishes to study in detail the extent to which 
the valleys in a surface are actually bottomed by the tracer point 
of a profilometer, it is suggested that he draw the vertical section 
of a 0.0005-in-radius tracer point at a magnification of 100 
horizontal and 2500 vertical, and after cutting around its 
outline superimpose it on the taper sections of Figs. 3 and 4, 
which have this same magnification. 

To aid in construction such a tracer-point section, its dimen- 
sions are: 


Corresponding total 
width of tracer point 


Vertical distance from 
tip of tracer point 


0.000 in. 0.00 in. 
0.025 0.02 
0.05 0.03 
0.10 0.04 
0.25 0.06 


When this tracer point is moved along the taper sections it is 
seen that the point can approach the bottoms of the valleys much 
more closely and frequently for the ground surface of Fig. 3 
than for the sandpapered surface of Fig. 4. The degree to which 
the bottoms of the valleys can be approached is consistent with 
the predominant-peak conversion factors of 41/. and 9 found for 
these ground and sandpapered surfaces respectively, assuming 
that a taper section capable of being bottomed completely would 
give a conversion factor of about 3. 


Carry-Over in Locomotive Boilers 


By ARTHUR WILLIAMS,! EAST CHICAGO, IND. 


While tremendous advances in feedwater treatment to 
protect boiler heating surfaces from scale, corrosion, and 
embrittlement have been made, the methods commonly 


’ used on railroads have been accompanied by an increasing 


degree of foaming troubles. According to statements of 
the American Railway Engineering Association, the intro- 
duction of alkaline sodium compounds, while reducing the 
scale problem, has increased the foam-producing capacity 
of the water supplies. This paper approaches a solution to 
the problem of carry-over by discussing the mechanisms 
which cause other than dry steam to leave the boiler. The 
most important type of carry-over is probably that due to 
foaming. Carry-over by effervescence is also discussed. 
The effects of carry-over and methods of prevention are 
treated in detail. In the study of the problem and its 
correction numerous tests have been conducted by the 
author’s company, and by the A.R.E.A., and individual 
railroads. These are reported at some length, the results 
showing that proper control of feedwater treatment will 


help minimize foaming. Antifoam compounds increase 


the concentrations that may be carried in the boiler, but 
concentration must be controlled either manually or by 
automatic blowing. Apparatus of various types for this 
purpose is described, as well as a suitable design of steam 
separator, which is essential to separate the carry-over 
from the steam, and discharge the carry-over to the at- 
mosphere. 


INTRODUCTION 


HIS paper deals mainly with carry-over in locomotive 

boilers, its causes, effects, and prevention. It is proper to 

make some mention first of feedwater treatment since this 
has a great deal to do with the amount of carry-over that may 
take place. The main objectives of feedwater treatment are to 
protect the boiler and its heating surfaces from scale, corrosion, 
and embrittlement. It is not the purpose of this paper to cover 
the chemistry of feedwater treatment. Water-treatment en- 
gineers, working with the highly specialized knowledge available, 
have accomplished results without which the locomotive could 
not hope to approach its present state of maximum power output 
with high availability. 

There is no standard treatment for feedwater and each case 
must be studied by those with the proper knowledge and experi- 
ence. There is still a great deal to be learned about the reactions 
that take place inside a boiler using treated water, and new ad- 
vances are continually being made in the art. However, there 
is no question as to the excellent results obtained from recognized 
treatments for locomotive-boiler feedwater in general use at the 
present time. 

The details of the various chemical processes employed, the 
practical application, and the supervision necessary have been 
widely covered in the literature, outstanding among which are 
papers and reports presented before this Society, the American 
Railway Engineering Association, and other organizations. 


1 Chief Engineer, The Superheater Company. Mem. A.S.M.E. 

Contributed by the Railroad Division and presented at the An- 
nual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of Tue 
AMERICAN SoOcIETY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Unfortunately, with the methods commonly used on railroads 
for prevention of scale, the troubles with foaming have increased 
in proportion to the rate at which the scale deposits on the boiler 
heating surfaces have decreased. This is clearly illustrated by 
the following statement made in a recent American Railway 
Engineering Association (A.R.E.A.) bulletin (1):? ‘‘A genera- 
tion or so ago, with little water treatment, the major action of 
dissolved solids was to form scale, and foaming was not a prob- 
lem. By proper treatment of water supplies, scale is no longer a 
problem, but the introduction of alkaline sodium compounds has 
increased the foam-producing capacity of the water supplies.” 


CAUSES OF CARRY-OVER 


In this paper, carry-over is defined as any substance leaving the 
boiler other than dry steam. This includes moisture in any form, 
regardless of the mechanism which caused it to enter the steam 
path, and also suspended solids. 

It is conceivable that carry-over could be caused by a me- 
chanical action due to the natural circulation in the boiler and 
attributable only to the boiler design. In such a case, carry-over 
would occur with any water, no matter how pure it might be. 
In general, this is not thought to be the case with locomotive 
boilers of conventional design. It is well known that identical 
locomotives will have different characteristics with respect to 
carry-over when operated in different districts with different 
water. It would seem therefore that carry-over in locomotive 
boilers must be associated with the water in the boiler and its 
characteristics due to the nature and quantity of dissolved and 
suspended solids. It is not meant to infer that the extent of 
carry-over resulting from foaming is not influenced by the design 
and details of the boiler, but that the carry-over is primarily due 
to the condition of the water. 

The most important type of carry-over is probably that due to 
foaming. There is also some evidence that a carry-over can 
occur which is not due to the presence of adensefoam. A theory 
has been advanced that this is caused by the bursting of bubbles 
on the steam surface. 


FoaMinc oF BoiLeR WATER 


There has been considerable discussion regarding the influence 
of dissolved solids and suspended solids on foaming character- 
istics. With water treatments in general use on railroads, both 
are increased, so that it is not possible to draw any conclusions 
in this respect. The question as to the effect of suspended solids 
in the foaming of boiler water is covered thoroughly in a report 
by Foulk (2) presented by the Joint Research Committee on 
Boiler Feedwater Studies in 1935. 

In the early part of this century the general belief seemed to be 
that suspended solids were necessary for foaming to occur. This 
appears to be based mainly ona report by Koyl on the foaming 
of water in locomotive boilers, which has been referred to and 
quoted in a number of papers and textbooks. A paper by Foulk 
in 1924 (3), reported tests at atmospheric pressure which demon- 
strated the production of a persistent foam due to the stabilizing 
action of solid matter. In 1927, a paper by Joseph and Hancock 
(4) reported certain tests which for the particular conditions in- 
vestigated indicated no effect by suspended solids on foaming. 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Further tests by Hancock (5) in 1930 confirmed these conclusions, 
with tests at 160 psi pressure. 

In 1932 the first of a series of three papers by Foulk and others 
was published. The first paper (6) covered experiments at 
atmospheric pressure and showed that different kinds of solid 
matter exhibited widely varying degrees of foam-stabilizing 
ability, and that this stabilizing power was lost in some cases on 
prolonged boiling. The second paper (7) reported tests made 
at 100 to 150 psi and showed that solids which have lost their 
foam-stabilizing effects may actually reduce foaming because of 
the greater smoothness of boiling induced. In this series of tests 
the work done by Joseph and Hancock was duplicated as closely 
as possible, and a good agreement was obtained with their results. 

The third paper (8) reports experiments at 250 psi pressure 
with calcium carbonate formed inside the boiler in different ways. 
Calcium carbonate, precipitated inside the boiler by the decom- 
position of calcium bicarbonate, reduced the foaming. Calcium 
carbonate, precipitated by pumping sodium-carbonate solution 
into the calcium chloride in the boiler, gave inconclusive results. 
Calcium carbonate, precipitated by pumping calcium-chloride 
solution into sodium carbonate in the boiler, increased the foam- 
ing but, after several hours of contact with the hot water in the 
boiler, this last form of calcium carbonate lost its effect on foam- 
ing. It was also established that magnesium hydroxide, pre- 
cipitated along with calcium carbonate in an excess of sodium 
carbonate in the boiler, counteracted the tendency of the carbon- 
ate to increase the foaming. On the basis of the foregoing it 
seems that solid matter may or may not increase foaming, de- 
pending upon the physical nature of the matter. 

The paper by Joseph and Hancock (4) reports tests with 
pressures from 70 to 165 psi indicating a decrease in foaming 
with increasing pressure. The tests by Foulk and Whirl (7) show 
that the effect of solid matter on foaming is less at 150 psi than at 
lower pressures. While these two series of tests indicate a trend, 
it would not be safe to assume a continued decrease in foaming 
with increasing pressure without further data. 

There seems to be a general agreement that most types of oil 
or organic matter will increase foaming. Foulk and Hansley (6) 
reported tests at atmospheric pressure in which the removal of 
oil from boiler scale greatly reduced its foaming tendencies. Han- 
cock (5) reported tests with river water showing definitely the 
effect of organic matter. With the water at a concentration of 
1000 ppm (58 grains per gal) and 25 ppm (1.5 grains per gal) 
organic matter, the carry-over observed in a laboratory boiler 
was 50 per cent. After removing the organic matter, the carry- 
over was reduced to zero under the same test conditions. 

Undoubtedly, the quantity and kind of dissolved solids in the 
boiler water have a great influence on foaming. In the tests re- 
ferred to, a great number of salts in solution have been investi- 
gated. In general, these cover the salts found in practice in 
boilers. In most cases experiments were made with only one 
salt in solution at a time. 

The A.R.E.A. bulletin (1), for example, gives a very interesting 
report by the Subcommittee on Mechanics of Foaming and Carry- 
Over in Locomotive Boilers. A number of tests were run at at- 
mospheric pressure with a concentration of 2570 ppm (150 grains 
per gal) and varying proportions of sodium sulphate, sodium car- 
bonate, and sodium hydroxide. Water was evaporated in glass 
tubes, and the rate of evaporation was adjusted so that the vol- 
ume of steam produced per square foot of water surface was the 
same as for a locomotive operating at 285 psi. The height of 
foam produced was measured for each solution tested and the 
results plotted so that the foam height could be determined for all 
proportions of the three sodium salts. Although all tests were 
run with same concentration, foam height varied from practically 
nothing to 17 in., depending upon proportions of the three salts. 
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There is general agreement that the rate of evaporation and the 
height of the water level in the boiler will have a marked influence 
on the amount of carry-over. This is true regardless of the 
method by which carry-over may be produced. Even more 
important than the rate of evaporation is a sudden change in the 
rate. This is referred to in several of the papers on this subject 
and has been demonstrated in locomotive road tests that will be 
described later in this paper. 

The average rate of evaporation of a modern locomotive boiler 
is of the order of 350 to 450 lb per sq ft of total water surface per 
hr, with the boiler evaporation at its maximum, The rate of 
evaporation will vary considerably at different points in the 
boiler. A typical example is shown in Fig. 1, in which the total 
evaporation was taken from test results. The evaporation in 
the firebox was calculated by subtracting the total heat in the 
gases at the back tube sheet from the total heat released in 
the firebox. Knowing the evaporation from the entire boiler and 
from the firebox, and the heat absorbed by the superheater, it 
was possible to determine the evaporation from the flues and 
tubes. The relative heat absorbed by different parts of the fire- 
box was based upon consideration of the combustion conditions 
in the firebox. The variation in gas temperature between the 
back and front tube sheets was calculated, and the amount of heat 
absorbed at any point made proportional to the mean-tempera- 
ture difference between the gases and the heat-absorbing surface. 
The highest liberation rate is at the back head where the back 
head, side sheets, and arch tubes are all releasing steam. As 
would be expected, there is a second high point at the back tube 
sheet, where there is a substantial concentration of heating sur- 
face at a high gas temperature. 


STEAM LIBERATION RATE 10 
(AVERAGE ACROSS BOILER) 
100 LBS. PER HR PER SQFT 9 


0 24 6 8 10 12 14 16 18 20 22 24 26 28 W 32 
DISTANCE FROM BACKHEAD - FEET 


Fie. 1 Sream-Lisrration Rates 1n Locomotive BoILeR 


As noted in Fig. 1, the liberation rates shown are the average 
across the boiler at any point between the back head and the 
front tube sheet. At points along the firebox, the liberation 
rates will be higher at the sides than in the center. 

Since the rate of foaming depends upon the combination of 
salts in solution, the working pressure, and the rate of evapora- 
tion, it is difficult to correlate the various investigations that have 
been made. In the tests by Joseph and Hancock (4), the pres- 
sures varied from 125 to 155 psi and the rate of evaporation from 
50 to 100 lb per sq ft of water surface per hr. In the tests by 
Foulk and Brill (8), the boiler pressure was 250 psi, and the rate 
of evaporation 1150 1b persqftperhr. The tests reported by the 
A.R.E.A. bulletin (1) were at atmospheric pressure with a rate 
of evaporation of 29 lb per sq ft per hr, giving the same volume 
rate as 500 lb per sq ft per hr at a pressure of 285 psi. 


Foamine Trests CONDUCTED 


In approaching the problem of carry-over in locomotive boilers, 
some tests were made in the laboratory of the author’s company 
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Fie. 2 Apparatus ror Trsts With Foaminea SOLUTIONS 


at East Chicago, Ind., in 1939. A diagram of the test apparatus 
is shown in Fig. 2. The boiler had an inside diameter of 93/4 in., 
and was operated at 180 to 190 psi pressure, steam being gener- 
ated by passing steam from an outside source through coils in the 
boiler. The steam and water leaving the boiler were led to a 
steam separator. The steam leaving the separator was throttled 
to a low pressure, and the moisture in the steam determined by 
observations of the temperature and pressure after throttling. 
This moisture was never greater than 0.8 per cent. The steam 
was then condensed and weighed. The water leaving the separa- 
tor was returned to the boiler. A reservoir with a foaming solu- 
tion was connected to the boiler and the slight quantity of so- 
lution necessary to correct for the moisture in the steam leaving 
the separator was fed to the boiler so that the concentration was 
maintained constant duringarun. The boiler was fed with Lake 
Michigan water which was heated nearly to saturation tempera- 
ture before entering the boiler. The quantity of water returned 
from the separator to the boiler was determined by closing a valve 
in the return line for a short period and observing the increase in 
water levelin the separator. Sight glasses were located in the top 
of the boiler and in the line between the boiler and the separator 
so that visual observation could be made of the foam produced. 
The results are shown in Table 1, each line being the average of 
several tests. Test series Nos. 1 and 2 were made with a soap 
solution, and Nos. 3 and 4 with sodium salts, using 80 per cent 
sodium sulphate and 20 per cent sodium chloride. Test series 
Nos. 1 and 3 were made with liberation rates of 800 to 1000 lb per 
sq ft per hr and may be considered as representing conditions 
which could be found in a locomotive boiler when there is a sud- 
den increase in the rate of evaporation. In test series No. 1, a 
liberation rate of 998 with a solution of 5000 ppm (292 grains per 
gal) soap gave 58 per cent carry-over, and in test series No. 2, 
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increasing the liberation rate to 2470 with the same solution gave 
81 per cent carry-over. Test series No. 3 with a liberation rate 
of 814 and 1400 ppm (82 grains per gal) sodium salts gave 47 per 
cent carry-over. Test series No. 4 was made under extreme con- 
ditions with a liberation rate of 3460 and 2800 ppm (163 grains 
per gal) concentration of sodium salts and resulted in 91 per cent 
carry-over. Observations through the sight glasses were very in- 
teresting. With all of the tests reported in Table 1, sight glass No. 
1 showed the top of the boiler to be full of foam. Sight glass 
No. 2 at the top of the pipe leaving the boiler showed the foam to 
be partly collapsed, and sight glass No. 3 showed that the foam 
at this point was almost completely collapsed into a liquid. These 
tests showed that, under conditions approximating the worst that 
may be found in locomotive operation, it was possible for foam to 
carry a very high percentage of moisture, and that it should not be 
difficult to collapse this foam. This would indicate the desira- 
bility of an apparatus to collapse the foam and to be capable of 
discharging large amounts of moisture. 

In 1938, a series of investigations was started by the Electro- 
Chemical Engineering Corporation and Dearborn Chemical 
Company to study visually the behavior of the water and steam 
in a locomotive boiler. Tests made on the St. Louis-San Fran- 
cisco, Texas and Pacific, and Kansas City Southern Railways led 
to an elaborate investigation on the Missouri Pacific Railroad. 
These investigations are reported in a paper by Carrick (9). 

In the Missouri Pacific tests the inside of the steam dome was 
illuminated with special light bulbs and visual observations made 
of conditions inside the boiler through six sight glasses in the 
steam-dome cover. Sufficient illumination was furnished so that 
motion pictures could be made with the boiler operating under 
foaming conditions. One series of tests was made with the en- 
gine standing, and a second series with the locomotive in road 
service. The observations indicated that foam would rise in the 
boiler until the high-velocity steam would carry the foam into the 
dry-pipe entrance. The foaming of the water could not be gaged 
by the boiler-water concentration or by the water level in the 
gage glass in the cab. Under the worst conditions, the foam 
would completely fill the dome. As a result of these tests, the 
‘‘Electromatic”’? foam-collapsing system was developed. This 
device will be described later in the paper. 


Carry-OVER BY EFFERVESCENCE 


It is possible for a small particle of liquid to be thrown upward 
due to the bursting of a bubble on the surface of a liquid. This 
condition has been investigated in detail by Seniff and reported 
in a bulletin of the American Railroad Engineering Association 
(10). The investigation showed that, in the absence of a foam 
layer, bubbles would burst almost instantly on reaching the sur- 
face of the water, and in bursting throw up a small particle of 
water. The size of the particle depended apparently upon the 
size of the bubble, and the height to which it was thrown de- 


TABLE 1 TESTS WITH FOAMING SOLUTIONS 


Water Quantities leaving boiler 
temp —lb per hr———— 
Test Boiler entering Total 
series pres-_ boiler, steamand Dry Mois- 
no. sure,psi deg F moisture steam ture 
1 194 368 518 216 302 
2 192 348 1280 238 1042 
3 182 363 422 223 199 
4 181 365 1797 159 1638 


Mois- 
Liberation ture 
rate, lb per from 
hr per sq ft boiler, 
water per 
surface cent Remarks 
998 58.3 5000 ppm (292 grains per 
gal) soap 
2470 81.4 5000 ppm (292 grains per 
gal) soap 
814 47.2 1400 ppm (82 grains per 
gal) sodium salts; 80 
per cent sodium sul- 
phate, 20 per cent so- 
dium chloride 
3460 91.2 2800 ppm (163 grains per 


gal) sodium salts; 80 
per cent sodium sul- 
phate, 20 per cent so- 
dium chloride 
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TABLE 2 ANALYSES OF SCALE IN SUPERHEATER UNITS 
Sample 1 2 3 4 5 6 7 8 9 10 11 
Per cent: 
OE ais sictovavers! siete te 0.05 0.05 0.08 0.33 0.08 2.25 1.40 1.01 23.90 ro 
en 

Other organic and 

volatile........ 1.67 eh 1.30 6.04 5.20 Rene 4.12 0.40 11.26 13.05 32.80 
lia as cee wae 16.23 39.35 51.05 37.07 31.36 37.62 33.80 9.70 7.36 12.10 6.85 
Calcium carbonate 22.42 14.70 4.60 3.16 17.82 37.07 37.93 19.55 50.88 24.10 41.80 
Dimes cy os sis Ao 3.27 As hfe2 kl Hee ageie a0 fon mien aon es 
Calcium sulphate. 4 0.88 Trace 0.56 12.08 Trace 1.30 0.88 0.06 6.47 ae 
Magnesia........ 60 2.91 24.84 3.04 1.89 15.35 10.58 4.49 4.65 5.75 10.53 
Iron oxide....... 5.02. 1756 10.82 3.62 10.00 4.00 5.62 40.00 4.50 9.20 2.49 
Aluminay ce cisles 47.94 21.16 7.00 16.70 20.64 5.70 4.00 23.00 19.53 2.40 2.00 
Sodium chloride... AS. 35 O73). LS aoe 0.18 0.40 ae 0.21 3c = 
Sodium sulphate., 3.43 Ap ek > He Se we as Bo 
AVKaliSgz): daiciearsie 2.64 10.00 .58 3.03 .55 
Oil and other or- 

ganic matter... 17 0.05 1.4 6.4 5.3 0.08 6.4 1.8 12.4 37.0 32.8 
Silica andalumina 64.2 60.5 58.1 53.8 52.0 43.3 37.8 32.7 26.9 14.5 8.9 


2 In combination with other oxides. 


pended upon the film tension and resulting internal pressure of 
the bubble. One series of observations was made in a test boiler 
with pressure similar to that in use on locomotives. A special 
lighting technique was used so that the extremely small particles 
could be seen. It was found that, under the particular test con- 
ditions used, the larger particles which were quite visible to the 
eye were only a small part of the total being projected into the 
steam space by the bursting bubbles. Some of these particles 
were so small that they remained suspended in the steam. With 
low boiler-water salt concentrations below 1000 ppm (58 grains 
per gal), there was a preponderance of the smaller-size particles. 
At higher concentration with a foam layer present, there were 
more of the larger-size particles. 

Other tests were made with air bubbles produced in water at 
atmospheric pressure and temperature, the results being similar 
to those observed in the boiler under steam pressure. While 
there may be some question as to the exact relationship between 
foaming and effervescence, it is a fact that under road-operating 
conditions, the carry-over from the boiler can have different 
degrees of density as determined by its electrical conductivity 
and by visual observation. 

Later in this paper, tests are described indetail of a steam dryer, 
with a discharge to the atmosphere, operating on a locomotive in 
road service. Certain of the observations made during these 
tests relate to the nature of carry-over. An electrode was lo- 
cated in the dome cover with the end close to the entrance of the 
tangential steam dryer. Through a relay this would light an elec- 
tric bulb in the cab when foam was present of sufficient density to 
complete the circuit. Observation of action of the discharge 
valve from the steam dryer showed when carry-overwas occurring. 
There were times when the dome electrode circuit did not light 
the cab signal, but the dryer discharge valve was operating, in- 
dicating that carry-over was taking place. In these same tests, 
visual observations were made of conditions inside the boiler with 
sight glasses. At times the foaming was so bad that nothing 
could be seen through the sight glass except a dense opaque mass 
completely filling the dome. At other times, the substance in the 
boiler steam space appeared to be hazy or semitransparent. It 
was not possible to observe the exact nature of the water and 
steam mixture under such conditions. It can, however, be 
definitely stated that the nature of carry-over will vary considera- 
bly with respect to its average density as determined by its elec- 
trical conductivity and by visual observations. 


EFFECTS OF CARRY-OVER 


The effects of carry-over will of course depend upon the nature 
of the substances leaving the boiler. The greater part of carry- 
over is usually moisture but it is possible to have an appreciable 
amount of solid matter. Table 2 gives the analyses of scale 
found in superheater units from eleven different railroads in all 


parts of the country. It can be assumed that some of this matter 
would find its way into the multiple throttle, valve chests, and 
cylinders. In most cases, there is a high proportion of silica and 
alumina. With such substances being carried into the valve 
chests and cylinders, it can easily be understood why carry-over 
will cause rapid. wear of bushings and packing. At the same 
time, lubrication will be adversely affected and wear of recipro- 
cating parts accelerated. The analyses are arranged in descend- 
ing order as to the percentage of silica and alumina taken to- 
gether. It is interesting to note that, as the percentage of these 
two substances decreases, the amount of oil and other organic 
matter increases. 

Probably the worst effect of carry-over is in relation to the 
superheater. The superheater is designed to take steam with no 
appreciable amount of moisture and raise its temperature so that 
the maximum efficiency can be obtained when the steam does its 
work in the cylinders. Any moisture that is in the steam will re- 
duce the steam temperature at the cylinders. For a given oper- 
ating condition the amount of heat taken up by the superheater 
units is fixed, and the moisture entering the superheater will re- 
duce the final steam temperature, since some of the heat will be 
required to evaporate this moisture before superheating can be- 
gin. Steam tables show that for the same heat absorbed per 
pound of steam, there is a decrease in superheat of approximately 
15 deg for each 1 per cent moisture entering the superheater. A 
loss of 15 deg steam temperature means a decrease of 1.5 to 2 per 
cent decrease in cylinder efficiency with a corresponding increase 
in water and fuel consumption. A severe carry-over will result 
in the loss of all the superheat, so that saturated steam and water 
will enter the cylinders. 

Tests made many years ago showed that the use of superheated 
instead of saturated steam resulted in an increase of 25 to 30 per 
cent in efficiency and power. These tests were made with rela- 
tively low superheat. With the high steam temperatures ob- 
tained on modern steam locomotives, the loss of power due to loss 
of superheat can be even greater. 

Fig. 3 illustrates the relation between locomotive steam rates 
and superheat. The values given are for 250 psi.* An increase 
in the steam rate means either a decrease in cylinder horsepower 
or an increase in fuel and water consumption. 

With large sums of money being spent for fuel it is readily seen 
that carry-over may cause an appreciable increase in the fuel bill. 
There is also an effect on the general railroad operation. The 
carry-over is likely to occur when the locomotive is being worked 
at its hardest. This means that, at a time when the maximum 
power output of the locomotive is required so that train move- 
ments may be made with maximum efficiency, the carry-over 
takes place and decreases the power output of the locomotive. 


3 Taken from Table 25 of ‘‘The Steam Locomotive,”’ by Johnson 
(11). 
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Continued carry-over may result in the failure of the super- 
heater units in service. The superheater-unit metal transfers 
heat from the hot flue gases to the steam inside the tubing. The 
temperature which the metal reaches depends upon the heat- 
transfer conditions, so that an equilibrium is established between 
the heat received by the metal from the flue gases and transferred 
from the metal to the steam. These conditions depend upon the 
temperatures of the gas and the steam, and the heat-transfer 
coefficients at the outside and inside surfaces. For a given pres- 
sure and temperature, the heat-transfer coefficient between the 
metal and the steam depends upon the velocity of the steam. 
The lower this velocity, the less the pressure drop through the 
superheater, but the lower the heat-transfer coefficient. Proper 
design of superheater units will insure that, under various oper- 
ating conditions, the relations between steam velocity and heat 
transfer are such that metal temperatures will not be in excess of 
a safe figure. The maximum metal temperatures are always at 
the back end of the superheater unit, and it is at this point that 
failures occur. When the back end of the unit is heavily coated 
with scale, it is obvious that the failure is due to the scale de- 
posits. It is not so easy to understand those failures which occur 
in actual practice when the metal is practically free from scale 
at the point where the failure has occurred. 

Assume that a locomotive is being worked at high capacity, 
which means a high temperature of the gases at the back tube 
sheet and a high gas velocity in the superheater flues; under these 
conditions, there should be a correspondingly high steam velocity 
inside the superheater-unit tubing. Now assume that in one unit 
the steam flow is restricted, such as would occur if there were a 
scale deposit at any point in the tubing between the entrance and 
exit. One effect is that the steam temperature leaving this 
particular unit will increase because there is a reduction in the 
weight of steam, and therefore an increase in the heat added per 
pound ofsteam. Furthermore, the decrease in the steam velocity 
will lower the heat-transfer coefficient at the inside surface of the 
tubing. Both these effects increase the metal temperature. The 
relation between the steam and metal temperatures at the back 
end of a superheater unit for various steam velocities and with 
constant flow and temperature of gases at the back tube sheet are 
shown in Fig. 4. In making the calculations for Fig. 4, correc- 
tions have been made for the decrease in mean temperature differ- 
ence between the flue gases and the steam as the steam tempera- 
ture increases, and an increase in radiation from the superheater- 
unit metal to the flue in which it is located due to the increase in 
metal temperature. 

It can be seen that a reduction in the proper steam velocity 
will give an appreciable increase in the metal temperature. With 
a steam flow approximately 50 per cent of normal, the metal 
temperature reaches 1015 F, and with 23 per cent of normal, the 
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metal temperature is 1200 F. At such temperatures, there is a 
rapid attack on the steel by steam. This is described in an article 
by Corey (12). At temperatures of 1000 F,some oxygen is availa- 
ble from the thermal decomposition of steam. Corey states 
that the partial pressure of oxygen from this source at such 
temperatures is too low to account for the rapid attack on the 
steel, and that a reaction takes place directly between the steel 
and the steam. The reaction results in the formation of mag- 
netic oxide and hydrogen. 

A number of investigations have been made at Purdue Univer- 
sity to determine the corrosion rate of various steels in contact 
with steam at elevated temperatures. The results for mild steel 
show a slight amount of corrosion at 1000 F. At 1050 F, the 
corrosion rate starts to increase rapidly. At 1200 F, the corro- 
sion rate is 15 times greater than that at 1050 F. 

In comparing laboratory tests with the results obtained under 
service conditions, consideration must be given to the effect of al- 
ternating thermal and mechanical stresses in the metal which tend 
to cause fissures through which the steam can reach the metal. 
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In this respect, the conditions in a locomotive superheater are 
perhaps the worst that can be imagined. Every change in the 
locomotive operating conditions results in a change in the tem- 
peratures and stresses in the superheater-unit metal. It is the 
combination of elevated metal temperatures and alternating 
stresses which results in the rapid deterioration of superheater 
units reported in a number of cases. The failure may occur in 
the superheater-unit return bend or in the tubing close to the 
return bend. 

Fig. 5 shows a return bend that has failed in service. For 
comparison, a new return bend made by the same process and of 
identical material is alsoshown. The black material at the inside 
edge of the failed return bend is magnetic oxide. Comparison of 
the inside contours of the two return bends indicates the con- 
tinual process of formation of magnetic oxide and subsequent 
breaking away of part of the layer. The process continues until 
the metal becomes sufficiently thin for steam pressure to rupture 
the metal. 

With the metal at elevated temperatures, there will also be 
corrosion of the steel by the oxygen in the flue gases in contact 
with the outside of the unit. The extent of this corrosion will 
depend upon the condition of the outside surface of the unit. It 
will usually be less when coal is used as a fuel than with oil. This 
is because there is usually some slag formation at the back end of 
the unit with coal. With an oil burner the sanding of the flues 
will keep the metal surface clean and allow increased contact 
between the steel and the oxygen. 
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It has been shown that the corrosion of the superheater-unit 
metal at elevated temperatures is due to a restriction in the steam 
flow. Since such restriction is caused by deposits in the super- 
heater-unit tubing which result from carry-over, it is the carry- 
over which must be held responsible for the effect of superheater- 
unit failures on the efficiency of railroad operation. 

A superheater unit that fails in road service may cause a delay in 
train movement. The replacement of the unit means a delay 
in the roundhouse with time out of service for the engine. There 
is a direct expense chargeable to the actual work done in replacing 
the superheater unit. Even more important is the expense, 
owing to the fact that the large amount of money invested in the 
locomotive is not available for the production of revenue to the 
railroad. 


PREVENTION OF Carry-OvVER 


The prevention of carry-over may be accomplished by control 
of the foaming, the removal of the foam after it is formed, or a 
combination of the two methods. In the first group are feed- 
water treatment, antifoam compounds, and control of concentra- 
tion for the particular operating conditions. It is obvious that 
anything that can be done with feedwater treatment to reduce 
the dissolved and suspended solids in the boiler water and de- 
crease the amount of organic matter will be beneficial with respect 
to foaming. Any control in this direction must of course be con- 
sidered with relation to prevention of scale, corrosion, and em- 
brittlement. 


ANTIFOAM COMPOUNDS 


There are various antifoam compounds which are effective in 
controlling foaming. For a number of years the benefits ob- 
tained from castor oil in some form has been known. The sug- 
gestion has been made by Foulk (3) that the destruction of foam 
is due to the destruction of the stabilizing action of the solid mat- 
ter rather than to any change in the surface tension of the liquid. 
This theory is perhaps supported by the statement in the A.R. 
EA. bulletin (1) that there is no evidence that the action of anti- 
foam compounds is based on surface tension changes. In recent 
years, amide types of antifoams have been found to give better 
results than the castor-oil compounds. 


CoNTROL OF CONCENTRATION IN BoILER 


For given operating and feedwater conditions, the most general 
method for controlling carry-over is by blowing down the boiler 
to reduce the concentration of solids. Since this reduces both 
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the dissolved and suspended solids it does not make a great deal 
of difference which is the more important in the production of.- 
foam. The blowing down may be done in any of three following 
ways: 

1 With manual control by the engine crew. If the boiler- 
water concentration is controlled by this method only, it is neces- 
sary for the supervisory forces to give proper instructions to the 
engine crews so that the blowing is in correct relation to the feed- 
water and operating conditions. It is also essential that a proper 
control be established to be sure that the instructions are carried 
out. The most common method of control in use on railroads is 
to take samples of the boiler water at the beginning and end of 
each run and to keep records of the concentrations, 

2 Byacontinuous blowdown. With this type of equipment, 
a predetermined quantity of water is continuously discharged to 
the atmosphere while the locomotive is working. The blowdown 
valve is automatically opened in response to steam-chest pressure. 
The quantity that is to be discharged is determined by the nature 
of the feedwater used, the type of feedwater treatment, and the 
engine operation for the territory in which the engine runs. An 
orifice is then used so that this particular rate of blowdown will 
be maintained. The discharge from the blowdown valve is taken 
to a separator from which the steam is discharged to the atmos- 
phere so that only the sludge and water are discharged to the 
ground. 

3 Intermittent blowdown, automatically operated by the 
conditions existing in the boiler at the time. This is accom- 
plished by a device known as the “‘signal foam-meter.’”’? An 
electrode is mounted in the steam space in the boiler at a distance 
above the normal water level determined by locomotive operating 
conditions. When the foam in the boiler rises and contacts the 
electrode, an electrical circuit is completed which, through a re- 
lay, opens a solenoid valve. The solenoid valve admits air pres- 
sure to a piston which opens a blowoff valve connected to the 
boiler. In this way the amount of blowing is proportional to the 
foam-producing characteristics of the water in the boiler. A 
second shorter electrode in the boiler, when contacted by foam, 
lights a warning signal in the cab and indicates to the engineer 
that the foaming is too much for the automatic blowoff cock to 
control and that the manual blowoff cocks should be opened, and 
possibly the rate of working of the locomotive reduced. 


REMOVAL OF CARRY-OvER FROM STEAM 


It is possible to prevent carry-over from leaving the boiler by 
an apparatus designed to separate the moisture and solids from 
the steam and blow them to the atmosphere. Such an apparatus 
must take care of any kind of foam or effervescence leaving the 
boiler. One such device, known as the ‘“‘Electromatic Foam- 
Collapsing System,” isshown in Fig. 6. A trough is located in the 
boiler in the vicinity of the steam dome and dry pipe, the top of 
the trough being located above the water level in the boiler. If 
foaming takes place, the foam level will rise until it reaches the 
top of the trough. The foam will then collapse and the water 
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and solids in the steam will fall into the trough. When the water 
contacts the medium-length electrode, a circuit is completed and 
an air-operated blowoff valve is opened in the same way as de- 
scribed in connection with the foam-meter. The blowoff valve 
discharges the contents of the trough to the atmosphere through 
a steam separator and will remain open until the water level is 
below the longest electrode. The third and shortest electrode 
operates a warning signal light in the cab. 


STEAM-SEPARATOR SYSTEM TESTS 


Another system consists of a steam separator in the boiler con- 
nected to a discharge valve on the outside of the boiler so that 
any carry-over is blown to the atmosphere. The development of 
this device called for a large number of tests to be made in road 
service under foaming conditions and resulted in a great deal of 
valuable information. The arrangement of the apparatus is 
shown in Fig. 7. 


TANGENTIAL STEAM 
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Previous investigations had shown the possibility of large 
quantities of moisture being carried over under foaming condi- 
tions. Considerable development work resulted in a design of 
steam separator known as the ‘‘tangential dryer,’”’ which is ex- 
tremely efficient at all steam velocities and is capable of handling 
high percentages of moisture. 

Referring to Fig. 7, the tangential dryer is located at the dry- 
pipe entrance. The discharge from the dryer through which the 
separated moisture is delivered is connected to a discharge valve 
mounted on the outside of the boiler. When any moisture is 
carried into the discharge valve, an electrical circuit is completed 
through an electrode to operate a relay which opens a solenoid 
valve. This admits air to the piston which operates the dis- 
charge valve. The discharge from the valve is connected toa 
separator on top of the boiler so that the steam is discharged to 
the atmosphere and only hot water tothe ground. A vent pipe 
with a small orifice leads from the discharge valve to a point of 
lower pressure, such as a superheated-steam auxiliary pipe. 
The small quantity of steam which flows through the orifice 
keeps the discharge valve free of air and establishes a flow con- 
dition which insures the prompt action of the valve as soon as 
moisture enters the steam dryer. 

To determine the performance of the dryer discharge valve, 
tests were run on a western railroad which was known to have very 
bad foaming conditions. During the tests the boiler evapo- 
ration was from 70,000 to 100,000 lb of steam per hr. The 
tangential dryer was fitted to a 91/2-in. dry pipe, and the 2-in. 
dryer discharge valve had a capacity of 40,000 lb per hr of 
saturated water at boiler pressure. The performance of the 
dryer discharge system was determined by comparative tests 
made with the system turned on and shut off. The test results 
are given in Figs. 8 to 11, inclusive. These four tests were run 
over the same territory on three successive days, with the last 
two series being run on the same day, so that as far as possible 
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the tests with the system turned on and shut off were made 
under the same conditions. 

The steam temperature was taken in the steam pipe and also 
leaving a No. 1 shape superheater unit. This is in the top row 
of units and is connected into the header at a point nearest to the 
dry-pipe entrance. Moisture naturally flows first into this shape 
unit and its presence is indicated by the difference between the 
temperature of the steam leaving the unit and the steam-pipe tem- 
perature. The moisture in the dry pipe was measured by two 
throttling calorimeters. One was connected to a standard 
A.S.M.E. sampling tube across the center of the dry pipe. Since 
the tangential dryer imparts a whirling action to the steam, a 
second calorimeter was connected to a sampling tube, consist- 
ing of a piece of !/2-in. pipe extending into the bottom of the dry 
pipe for a distance of !/, in., with the side toward the direction 
of flow cut away. 

The four readings mentioned gave an indication as to the extent 
of carry-over into the superheater. Sight glasses were installed 
in the dome cover so that visual observation could be made of 
the conditions inside the boiler. Readings were taken of the 
water level and the exhaust pressure, the latter being a measure 
of the rate of working of the locomotive. A record was made of 
the number of seconds in each minute of testing that the dryer 
discharge valve was open. It was explained earlier in the paper 
that a short electrode mounted in the dome cover would operate 
a signal light in the cab when the water-and-steam density was 
sufficient to complete an electrical circuit. 

The results are given in the form of curves showing the change 
in the various observations for each minute of testing. The first 
test, shown in Fig. 8, does not include all of the readings taken in 
subsequent tests, but is reported because it illustrates a very bad 
condition of carry-over. With the boiler under foaming condi- 
tions, readings were taken for the first 11 min, recorded in Fig. 8, 
with the dryer discharge system shut off. The steam temperature 
in the steam pipe was at boiler saturation temperature, and water 
was being thrown out of the stack and through the cylinder cocks, 
which were open. After 11 min, the dryer discharge system was 
turned on. The discharge valve opened and blew steadily for 3 
min and at short intervals thereafter. At the end of 3 min, the 
steam temperature had increased from 400 to 660 F, and 19 min 
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after the dryer discharge valve had been opened the steam-pipe 
temperature had reached 740 F. From the 22nd min to the 37th 
min, the dryer was discharging for intervals varying from 1 to 8 
sec per min, showing that carry-over into the dryer was still 
occurring, and that the moisture and solids were being separated 
and discharged to the atmosphere. 
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STANDARD Tests ESTABLISHED 


After this test, it was realized that it would be better to produce 
a standard test condition so that the locomotive operation with 
and without the dryer discharge valve in action could be deter- 
mined. Fig. 9 shows how this was done. The locomotive was 
operated at approximately 10 lb exhaust steam pressure and, 
when conditions were steady, several readings were recorded. 
The rate of evaporation from the boiler was then suddenly in- 
creased by increasing the cutoff, and observations were made of 
the results of the carry-over. 


STEAM temp © 
DEGREES F 


eM 


MOISTURE-* 
WW DRY PIPE 


WATER LEVEL 
- INCHES - 


8 O-NWhS anbWN-Oo 


EXH. PRESS 
PSI 


H : 
¢ SYSTEM 
TURNED ON OFF 
DRYER DISCHARGING i | pofofcles 5 imi 


SECSINEACH MIN. [| | 2to|:|sle)3|i| [sia 
02 @ 10 12 14 16 16 20 22 24 26 26 30 32 34 36 38 40 
TIME-MINUTES 


4 6 


Fie. 9 Tersr or Steam Dryer WitH DiscHarGE TO ATMOSPHERE 


Referring to Fig. 9, the rate of evaporation was suddenly in- 
creased just before the 7th min as indicated by a rise in the ex- 
haust pressure from 10 to 18 psi. Immediately, carry-over 
started and the dryer discharge valve opened. For 31/. min the 
dryer discharge valve was open continuously. There was a 
momentary drop in the steam temperatures and increase in the 
dry-pipe moisture, but after 3 min the steam-pipe temperature 
was back to normal, and the steam temperature leaving the No. 1 
shape unit showed only a slight amount of moisture. The calo- 
rimeter connected to the center sampling tube showed dry steam, 
and that connected to the bottom showed some moisture. 

It should be pointed out that, while the moisture readings are 
represented as actual quantities, they should not be interpreted 
too literally. It is only possible to obtain a true sample when 
the steam-and-water mixture is homogeneous, and this is not 
possible in a dry pipe after the steam has left a dryer which has 
subjected the steam and water to a centrifugal action. At the 
end of the test shown in Fig. 9, a few more readings were taken 
with the dryer discharge system shut off. These readings show 
moisture entering the superheater as indicated by the steam- 
temperature and calorimeter readings. 

Fig. 10 gives a series of readings taken with the dryer discharge 
system shut off, thus showing what can occur if no steps are taken 
to control the carry-over into the dry pipe. As before, the test 
was started by increasing the rate of evaporation suddenly. The 
temperature of the steam leaving the No. 1 shape unit dropped to 
boiler saturation temperature and there was a considerable drop 
in the steam-pipe temperature. Both calorimeters show mois- 
ture in the dry pipe. After 9 min, the observations indicated that 
the carry-over decreased. This was probably due to the fact 
that concentration of both dissolved and suspended solids in the 
boiler had been reduced by the amount carried away. At 18min, 
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the carry-over became worse again but not to so great an extent 
as the first occurrence. 

The next series of tests, shown in Fig. 11, was made with the 
dryer discharge system both turned on and shut off for practically 
continuous locomotive operation. The test was started with 
the discharge system shut off, and a foaming condition was 
created by increasing the exhaust pressure from 10 to 20 psi. 
Considerable carry-over immediately resulted. The steam- 
temperature and calorimeter readings show the same alternations 
in severity of carry-over as pointed out for Fig. 10. At 20 min, 
the dryer discharge system was turned on. Five minutes later 
both calorimeters indicated zero moisture and both steam tem- 
peratures were together at 675 F. With such readings, it must 
be assumed that the steam in the dry pipe was practically dry. 
The dryer discharge valve continued to blow intermittently show- 
ing that carry-over into the dryer was still occurring. The train 
then went through a siding slowly but did not actually stop. 
After getting back to the main line, readings were continued with 
the dryer discharge system shut off. With 18 psiexhaust pres- 
sure, the steam-temperature and calorimeter readings show a 
severe carry-over. At 60 min of the test, when both steam tem- 
peratures were at the boiler saturation temperature, the dryer 
discharge system was turned on. The steam temperatures 
immediately started to increase and moistures indicated by the 
calorimeters approached zero. At the end of 62 min, the engine 
came to a stop and the test was ended. 

All during these tests, the observations made through the sight 
glasses were interesting. At the very beginning with good water 
in the boiler, the surface of the water appeared relatively clear. 
Later, when the water was in a foaming condition, the surface of 
the water would usually appear to be a grayish color. When in 
this condition, an increase in the rate of evaporation would cause 
the foam level to rise and, when it approached the entrance to the 
dome, the steam would carry it up so that the dome would be en- 
tirely filled. As stated earlier in this paper, the degree of foam- 
ing would vary from a condition where the dome was completely 
filled, and nothing but a dark mass could be seen through the sight 
glasses, to a hazy or semitransparent condition. \ 


RELATION BETWEEN CARRY-OVER ON WORKING RATE OF ENGINE 


One of the most significant results obtained from these tests is 
the relation between carry-over and a change in the rate of work- 
ing of the engine. It is always true that foaming will increase 
when the rate of evaporation is increased, but the effect is very 
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much worse when the rate is changed suddenly. The tests show 
directly what occurs when there is a sudden increase in the rate 
of working, as indicated by the increase in the exhaust pressure. 

It is possible for carry-over to be sufficiently severe for the 
engine crew to notice it, as for the conditions illustrated in Fig. 8. 
Frequently, carry-over is taking place with no indications to the 
engine crew. Figs. 9 to 11, inclusive, do not show any change in 
the water level that can be attributed to anything but the normal 
variations obtained due to track conditions and operation of the 
boiler feed pump. The condition of the water in the glass during 
these tests was good at all times. In spite of this, the readings 
proved that sufficient carry-over was taking place to impair the 
efficiency of the locomotive and, over a period of time, to result 
in the failure of superheater units. 


SUMMARY 


It seems probable that the major cause for carry-over in loco- 
motive boilers is due to foaming. Various investigators in the 
past have produced evidence both for and against the theory 
that suspended solids increase foaming. With the feedwater 
treatments commonly used on railroads, locomotive boilers have 
to operate with both dissolved solids and suspended solids in 
appreciable amounts and with as high a concentration as may be 
permitted so that the amount of heat blown away is at a mini- 
mum. 

The effects of carry-over are extremely injurious, particularly 
with respect to wear of valve and cylinder bushings and packing, 
decrease of cylinder efficiency by the reduction in superheat, and 
failure of superheater units due to scale restriction. — 

Proper control. of feedwater treatment will help to minimize 
foaming. Usually, antifoam compounds will increase the con- 
centrations that may be carried in the boiler. The control of the 
concentration in the boiler is extremely important and may be 
done manually or by continuous or automatic blowing. 

Even with everything possible being done to prevent foaming 
in the boiler it seems desirable that means should be taken to 
separate carry-over from the steam and discharge the carry-over 
directly to the atmosphere. This may be done by means of a 
suitable design of steam separator connected to an automatically 
controlled outside-discharge valve. 
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Discussion 


R. A. Carr.‘ The author and his associates have made a 
comprehensive study of the water carry-over problem. Serious 
work of this nature is appreciated by everyone interested in the 
betterment of the steam locomotive. 

In his outline of the causes of boiler-water foaming, a distinc- 
tion must be drawn between the types of organic matter which 
aggravate foaming. Decayed vegetation in surface waters and 
sewage or industrial-waste pollution in streams are the principal 
offenders. Tannin extract, however, also comes under the gen- 
eral term of organic matter and it is widely used as a valuable 
constituent of locomotive-boiler-water treatment. In addition 
to other useful characteristics, certain grades of tannin act to re- 
duce foaming. 

The specially prepared amines and amides which form the 
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basis of the newest antifoam water treatments are also classified 
chemically as organics and they are definite foam inhibitors. 

The visual studies of the interior of a working locomotive 
boiler made by the Electro-Chemical Engineering Corporation 
and the writer’s company in 1938 are believed to be the first 
such studies ever made. They forcibly brought out the fact that 
the foam-creating substances in the boiler water could be removed 
much more effectively by skimming the contamination from the 
surface of the boiling water than by depending upon the con- 
ventional mud-ring blowoff which is located about as far as pos- 
sible from the foaming region of the boiler. 

At the time foaming develops in a working boiler there is a 
definite flotation effect taking place. Oil and suspended sludge 
are carried to the top of the boiler in the foam bubbles, and the 
quickest way to settle the foaming water by blowdown is to re- 
move this floated contamination. The author has included in 
his presentation of the carry-over problem the “Electromatic 
Foam-Collapsing Blowoff System” which was developed from the 
original “Electromatic Signal Blowoff” as a result of our foaming 
boiler-water investigations. By operating a blowoff valve from 
the foam-collapsing trough, and a blowoff valve from the mud 
ring, through the same electrical circuit, test samples of boiler 
water have been taken simultaneously from the top and bottom 
of a foaming boiler. The collapsed foam and water, blown from 
the trough at the water surface, has contained 137 grains of 
sludge per gal, while water blown from the mud ring has con- 
tained 42 grains of sludge per gal. 

Anything which will prevent water carry-over is an improve- 
ment in the steam-locomotive boiler. Some sort of automatic 
blowing is needed, either with or without chemical antifoaming 
water treatment, and when automatic blowing is combined with 
means for entrapping and removing water from the steam space, 
worth-while progress is being made. 


J. R. Jackson.’ Having in mind experience with locomotive- 
boiler waters west of the Mississippi for a number of years past, 
the writer knows foaming as an increasingly serious operating 
problem, and that the carry-over of the quality of boiler waters 
with which we have to deal in many sections of the country is a 
current major problem which must be solved if the development of 
the steam locomotive is not to become static. There is no doubt 
but that the seriousness of the carry-over problem has been in- 
creasing during the past few years and that with the extended 
use of chemically treated water and the gradual increase in size 
of locomotive boilers, carry-over is adversely affecting efficiency of 
operation and also increasing maintenance costs in many in- 
stances. 

As indicated in the paper, there appear to be two ways of con- 
trolling carry-over within the present conventional design of loco- 
motive boiler: (1) to correct it at the source through treatment 
to provide solid water, and (2) to provide mechanical means 
for preventing carry-over into the superheater if and when foam- 
ing occurs. 

Being responsible for water treatment on the Missouri Pacific 
Lines for some 12 years past, the writer has had to answer for 
foaming delays and mechanical upkeep of locomotives in so far 
as water is or may be involved. Approximately 75 per cent of 
the water supplied locomotives on our railroad is chemically 
treated. On some divisions we have foaming water the year 
around, on other divisions, seasonally. Some 5 years ago we 
started to learn something about the development of foam 
within locomotive boilers and to study means for control- 
ling carry-over. The author has mentioned that part of our 
work related to the development of the Electromatic Foam- 
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Collapsing System. This work was in collaboration with the 
Electro-Chemical Engineering Corp., Chicago, which has since 
placed this device on the market and now has many installa- 
tions in service on the railroads of the country. 

Parallel with the development of this mechanical means for 
carry-over control, we carried on extensive service studies of 
antifoam additives in an endeavor to correct the trouble at its 
source. The considerable progress we have made in this direc- 
tion is the basis for belief in water treatment in preference to 
mechanical means for controlling carry-over in locomotive 
boilers of present conventional design. 

As an example of what can be accomplished by the use of anti- 
foam additives will be mentioned the record of a through 910-mile 
trip in freight service during May, 1941, between St. Louis, Mo., 
and Pueblo, Colo. During this test trip the antifoam additives 
were handled by a water chemist at all points where water was 
taken en route, eighteen watering points inall. A total of 157,735 
gal of water were consumed, of which 1780 gal were blown out 
at the intermediate terminal-servicing points passed through. 
Starting with a water change at St. Louis, the boiler did not 
indicate a condition of foaming water during the entire 910-mile 
trip; total dissolved solids (grains per U. S. gallon), 28 leaving 
St. Louis and 620 arriving Pueblo. Without the use of the 
antifoam additives it would have required from 15 per cent up- 
ward on-line blow to control foaming with the feedwaters availa- 
ble, and there could have been carry-over at numerous times 
during the last 500 miles of the trip. 

As a result of extensive experimentation with foam-control 
additives during 1940, 1941, and 1942, we equipped our Colorado 
Division with automatic plants for supplementary treatment at 
key watering points on the 338-mile division and operated suc- 
cessfully on a locomotive mileage-service contract with the 
Dearborn Chemical Company for a period of 2 years. We also 
have an experimental plant at St. Louis and have experimented 
with a powder form of antifoam additive handled manually over 
the entire railroad with generally satisfactory results. We cannot 
say that we yet have an antifoam material that is universally 
effective with all combinations of locomotive-boiler waters on 
our system or that the treatment is entirely foolproof, but we are 
making progress and feel that we are working in the right direc- 
tion. 

As for the phenomenon of carry-over and the best means of 
prevention from a mechanical standpoint, we have spent hours 
on top of a locomotive boiler in road service, looking down 
through sight glasses in the dome cap into an illuminated space 
beneath the dome and have observed all conditions from solid 
water and a clear steam space to a frothy foam completely filling 
the dome and being carried over into the dry pipe. We believe 
that once the foam has filled the dome and is being carried over 
into the dry pipe, it is too late to prevent carry-over into the super- 
heater where a relatively small quantity of highly concentrated 
carry-over can dry out, deposit on the relatively hot interior 
surfaces of the superheater, or carry through as dust to affect 
lubrication of valves, cylinders, or appurtenances on the loco- 
motive using superheated steam. From personal experience the 
writer believes that the best way to prevent carry-over in a loco- 
motive boiler is to keep the dome as free from obstructions as pos- 
sible and to maintain as great a free height as possible between the 
top surface of the foam and interior of the boiler shell around the 
dome entrances. The increasing size of locomotive boilers within 
fixed overhead-clearance limitations has resulted in reducing the 
steam dome to little more than a flange for the manhole cover, 
thus increasing the desirability for solid water to prevent carry- 
over. 

That other investigators are thinking and working along 
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the same lines is evidenced by a recent report® to the Master 
Boiler Makers’ Association. The following statements are made 
in this report: 

“Tt is hoped that sufficient knowledge of the chemistry and 
physies of foaming and spray will soon be gained to permit its 
control either by chemical or physical means. We should all 
do more thinking about the subject from the foam-control angle, 
keeping in mind that foaming is not a function of the quantity of 
dissolved solids but rather their quality. We can carry terrific 
concentrations of dissolved solids without foaming under certain 
specific conditions. When we have learned to apply this under 
any and all conditions we will have found the answer to the foam 
problem. 

“The chemical treatment of feedwater for scale and corrosion 
prevention is commonplace but there is still room for further 
improvement in purifying the steam before it enters the dry pipe 
of the locomotive. The elimination of the foaming of the boiler 
water is a prime requisite for satisfactory locomotive oper- 
ation. 

“Moisture carry-over of a subtle nature by so-called efferves- 
cence remains a major problem on many railroads. It is respon- 
sible for encrusted superheater units, cut-out valve bushings, 
destruction of cylinder packing, and serious impairment of the 
lubrication ofvalves and cylinders. This is a water problem which 
can be overcome by proper chemical treatment of the water.” 

It may be added that this same committee recommends that 
the crown sheet in locomotive boilers be lowered to provide more 
steam space, suggests a change in construction whereby this 
may be accomplished in existing boilers, and that observations 
be made to determine whether or not beneficial results are ob- 
tained in the control of carry-over. 

It is believed that the mechanical-engineering profession 
should give detailed study to the problem of carry-over from the 
standpoint of steam space and steam take-off and delivery in the 
locomotive boiler, more particularly as applying to locomotive 
boilers to be built during the years ahead. 


V. E. McCoy.’ For many years the writer’s company has 
supported research programs at Ohio State University and at 
other laboratories as well as carrying out research work in its 
own laboratory to determine the causes of foaming, the various 
forms of foam and carry-over, and developing special treatments 
which eliminate foam formation. Some of the reports quoted 
in this paper are the product of this program. 

We have recognized that under all conditions of locomotive 
operation there is a small amount of carry-over, and we have 
made our recommendations to our railroad customers as to treat- 
ment and blowdown schedules with this in mind in order to pro- 
tect the superheaters as much as possible from scale formation 
and also to protect the locomotive engine from damage due to im- 
pairment of lubrication. 

This paper indicates that a mechanical device can be incor- 
porated between the steam dome and the superheater that will at 
least reduce if not entirely eliminate the moisture from the steam 
and thus prevent damage to the superheater and the engine from 
this cause. We feel this is an important development and are in 
agreement with the principle involved. However, we would like 
to add a word of caution in case some might think that a device 
of this nature can be depended upon to take care of all the blow- 
down requirements in locomotive-boiler operation. 

Blowdown is required to keep the build-up of dissolved solids 
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below some predetermined figure and also to keep the amount of 
solid matter normally in suspension in the boiler water from con- 
centrating to such a point that the normal water circulation can 
no longer hold this solid matter in suspension. It is then pre- 
cipitated out of the water in the form of mud banks that may 
cause overheating of the boiler steel and consequent difficulty. 

We would recommend, in cases where a mechanical device of 
this kind is installed to eliminate moisture from the steam, that it 
should be maintained solely for that purpose and that normal 
blowdown practice be continued to avoid foam formation and 
prevent too great concentrations either of suspended solids or 
dissolved solids in the boiler water. 

It seems desirable to clarify one point. A quotation is made 
regarding organic matter. In the particular instance quoted, the 
specific organic matter (probably sewage) did contribute to 
foaming. However, there are thousands of organic compounds 
a great many of which have antifoam properties. In fact the 
very best of the so-called “antifoam’”’ materials are organic. 
Practically all water-treatment materials in use today provide 
organic materials of one kind or another which are required in 
some fundamental aspect of the treatment program. We want 
to point out these facts as otherwise all organic materials might 
be considered to be harmful to boiler performance and that is 
definitely not the case. 

We feel that devices of the type tested and reported upon in 
this paper will be of great benefit to locomotive performance and 
take this opportunity of commending the author on his presenta- 
tion. 


R. M. Ostermann. Within the last 30 years, the approxi- 
mate period during which the writer, in his association with The 
Superheater Company, has witnessed at close range the fight 
which railroad mechanical men, water chemists, and the com- 
pany’s engineers have waged against the growing menace of 
carry-over in locomotive boilers, the latter’s steam-generation 
duty has not only vastly increased but they have also be- 
come more and more handicapped in rendering their duty in a 
normal manner. While the necessity of having to move ever 
heavier trains at ever higher speeds created a market for loco- 
motives with a greater and greater maximum-horsepower output, 
the railroads’ clearance profiles could, of course, not be similarly 
expanded nor could most railroads sufficiently increase the 
strength of their tracks and bridges so as to allow a substantial in- 
crease of driving-axle loads. 

The general result has been that our more modern steam locomo- 
tives have had to be equipped with boilers which mainly derive 
their enlarged steaming capacity from longer fireboxes, larger com- 
bustion volumes, and larger grate areas on which an enlarged 
amount of coal can be burned with reasonable combustion effi- 
ciency. The diameter of the boiler barrel could rarely be suffi- 
ciently increased to provide a steam space and a steam-liberating 
surface commensurate with the large increase of steam-gener- 
ation capacity. It is thus that we have come to face the tre- 
mendous carry-over problem which the author has so ably dealt 
with inhis paper. Had it not been for the substantial decrease 
of the steam consumption per horsepower which we have at- 
tained by raising the superheat to the very maximum that is 
practicable with a reciprocating locomotive, our predicament 
would have been still greater when handling some of our highly 
treated feedwaters. 

It is thought that the idea of separating the carry-over from 
the steam and of getting rid of it before the steam reaches the 
superheater, which idea the author has described and made 
practical, is eminently sound. The realization of this idea un- 
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questionably represents the most logical and direct attack upon 
the problem. Credit should be also given for the development 
of the ‘Signal Foammeter’”’ and of the electromatic blowoff foam- 
collapsing trough, both of which have undoubtedly paved the 
way for the author’s latest development. 


W. A. Pownatu.? The author has briefly described results 
from water treatment and emphasized the fact that an un- 
fortunate result is the increased foaming tendency of treated 
water, with the resultant carry-over of water and suspended 
matter into superheater units and into the valves and cylinders. 
Whether this foaming be due to dissolved solids, suspended solids, 
a combination of the two, or to other causes, is of no special im- 
portance except for the effect of these causes on the develop- 
ment of corrective measures. The primary object is so to 
control the water in the boiler that the carry-over will not occur. 
With waters of low to moderate alkali salts this can be done by 
systematic use of the blowoff cock and, except for very bad waters, 
the use of an antifoaming compound in combination with the 
blowoff cock will accomplish the desired results. These points are 
also well covered by the author. 

A modern large locomotive carries a 5000-hp boiler with water 
level subject to considerable disturbance at high speeds; and be- 
cause of clearance limitations this boiler has limited steam space 
and steam liberation per square foot of water surface is rapid. 
Under these conditions, even with a good measure of foaming 
control, there may be occasional carry-over of water. 

When a locomotive that by using superheated steam has in- 
creased its efficiency 20 to 25 per cent is affected by water carry- 
over, it loses that extra efficiency and approaches a saturated- 
steam locomotive in performance. In essence the carry-over 
has changed the superheater into an ordinary boiler, with a re- 
sultant reduced capacity of the locomotive as well as increased 
fuel and water consumption. : 

The foam-collapsing trough is of advantage in providing ad- 
ditional steam space directly under the throttle and it acts as a 
blowing-off device to remove the concentrated water at the criti- 
cal time. The steam separator functions, not as a preventer of 
foaming, but to remove water from the steam before it reaches 
the superheater units. The tests of the steam dryer quoted in 
the paper indicate definite removal of carry-over water. Neither 
device apparently permits of any increase in concentration of 
dissolved solids before foaming occurs. 

The removal of water and entrained solids from the steam 
before entering the superheater unit is quite worth while in im- 
proved superheater and cylinder performance and in preventing 
stopping and burning of superheater units. 

Serious thought should be given to changes in boiler design 
with a view to increasing the steam space, improving dome de- 
sign, getting a most favorable dome location, baffling; in fact, 
any change to keep the throttle as high above the water level 
as possible and slow down the movement of steam to the throttle. 


J. L. Ryan.!° The lines of the writer’s employer are so located 
that the well-known mid-western and southwestern boiler-water 
conditions are encountered, and the performance of an equipment 
for removing the moisture in the dry pipe to prevent its carrying 
through to the superheater is of more than passing interest. 

The character of the tests, Figs. 8 to 11 of the paper, and the 
component parts of the equipment, Fig. 7, are familiar, these 
lines having conducted tests in 1935, with a steam separator ap- 
plied to discharge the moisture carry-over to the atmosphere. 
However, the equipment had less capacity than that of the pres- 
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ent equipment and was without the electric automatic control of 
the water discharge. Visual observations were made in 1938, 
of the action of the steam and water within the boiler through 
sight glasses installed in the dome cap. The solenoid valve and 
blowoff separator or muffler are standard equipment as parts of 
the electromatic blowoff apparatus. 

The test results in Figs. 8 and 11, showing the effectiveness 
of the tangential steam dryer with electric automatic control of 
the water discharge to the atmosphere in correcting bad carry- 
over conditions, are encouraging and justify tests by those having 
superheater-unit maintenance problems and valve- and cylinder- 
lubrication difficulties. 

In addition to presenting the foregoing test results, the author 
also supplies basic data on design and operation that are too 
often neglected. Two of these are the influence that the height 
provided in the boiler above the mean water level has upon opera- 
tion at high work rates, and the steam-liberation curve, Fig. 1 of 
the paper. Both should be given major consideration when de- 
signing a boiler. 

Regarding the height provided in the boiler above the mean 
water level, i.e., the height that is available for steam, it has been 
the writer’s experience that in addition to providing maximum 
height at the steam dome consistent with balanced design, it 
can be continued throughout the length of the boiler to an operat- 
ing advantage, as maximum steam space is important in pro- 
viding favorable performance at high work rates and in cushion- 
ing violent increases in the rates. Weight limits, however, 
frequently govern the boiler that may be provided. 

A calculated steam-liberation curve similar to that shown in 
Fig. 1 should be studied for each boiler when designed. The 
peak directly ahead of the back tube sheet would no doubt in- 
fluence placing the steam dome forward of some of the older 
practices. The U.S.R.A. light Mikadoes have the steam dome 
placed with the center line 30 in. ahead of the back tube sheet 
and the entrance at the back only 15!/, in. ahead of the back tube 
sheet. The writer favors extended wagon-top construction 
and the steam dome placed 7 to 8 ft ahead of the back tube sheet. 

A record of the steam space at various water levels and the 
steam-liberation curve for maximum evaporation for the im- 
portant classes on a railroad are of value in connection with opera- 
tion and its problems. 

The temperature curves, Fig. 4, for metal and steam, where 
the superheater unit has its full area, and the curves are carried 
upward showing the temperatures for severe area restriction, 
provide a clearer understanding of the failure of return bends 
as represented by the one shown in Fig. 5 of the paper. 

With reference to the matter of controlling the concentration 
in the boiler by blowing; of the three methods, manual, continu- 
ous, and automatic intermittent, the writer considers the 
latter supplemented by manual means to be the most practical 
where locomotives are run through over a number of divisions 
having different water conditions. 

The author’s statement that one of the most significant results 
obtained from these tests is the relation between carry-over and 
a change in the rate of the working of the engine is well substan- 
tiated by the data in Figs. 8 to 11, inclusive. However, the 
writer does not find in these data entirely clear substantiation 
for the author’s statement that it is always true foaming will 
increase when the rate of evaporation is increased, but the effect 
is very much worse when the rate is changed suddenly. The 
effect of sudden increase in work rate on carry-over can be checked 
to best advantage from the data when the separator blowoff was 
turned off, which was the first 11 min, Fig. 8; the 28th to 32nd 
min, inclusive, Fig. 9; the entire test, Fig. 10; the first 20 min, 
Fig. 11, and 52nd to 60th min, inclusive, Fig. 11. The test period, 
Fig. 8, was made with exhaust pressure of 16 to 18 psi. There 
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was no appreciable variation in the exhaust pressure for the 
period 28th to 32nd min, inclusive, of test, Fig. 9; Fig. 10 con- 
tains data for two gradual increases from 17 to 24 psi. However, 
there are no data for comparison where the work rate was changed 
suddenly from 17 to 24 psi. The work rate was gradually in- 
creased 15 to 26 psi exhaust pressure in the period from the 
52nd to 58th min of test, Fig. 11, the branch-pipe temperature 
decreasing from 675 F to that of the saturated steam. 

Positive information on the extent of the carry-over that occurs 
when making given work-rate increases, when the change is 
sudden and when it is gradual, would be of value to the railways 
for educational purposes with their enginemen. It would neces- 
sarily vary for some classes owing to the difference in the propor- 
tions of boilers. 

One cannot entirely avoid these sudden increases in the work 
rate in locomotive operation, particularly on single-track main 
lines. An excellent example is an approach to an order board 
with a locomotive eased off and then the immediate high work 
rate that frequently follows receiving a few minutes’ additional 
time that permits making a close meet. 

When familiar by experience with the influence that carry- 
over has on the immediate performance of a locomotive, one 
cannot but take exception to the author’s statement that it is 
possible for carry-over to be sufficiently severe for the engine 
crew to notice it, as in the case of the conditions illustrated in 
Fig. 8. Continued operation with the conditions that existed 
for the first 11 min of this test would have been practically 
impossible, as the steam-pipe temperature was that of the satu- 
rated steam. This would result in 30 to 35 per cent reduction 
in the cylinder work rate or, if maintained, an increase in steam 
demand of approximately 50 per cent. The influence of the 
carry-over in Figs. 10 and 11 would be definitely observable by 
seasoned enginemen. , 

It is possibly fitting to add that the operating and mainte- 
nance departments of many of the carriers will indeed be in- 
debted to the one who provides the solution to the problem of 
“carry-over.” The test results presented by the author are such 
that the writer is inclined to the opinion that the author and his 
fellow workers have made a long stride in providing this solution. 


R. W. Senirr.!! The ever-increasing demands being placed on 
steam-locomotive performance greatly enhance the value of in- 
formation such as that presented in this paper. The data from 
the tests are convincing and contribute valuable knowledge of the 
art of locomotive-boiler operation. 

It is gratifying to read a paper where the vague (the writer 
would like to say obsolete) word “priming”’ is not used and where 
there is such an excellent choice of specific, clearly defined, de- 
scriptive terms. The only possible exception appears to be in 
the use of the term “‘effervescence,”’ the definition of which is not 
descriptive of the phenomenon referred to. 

The author is to be congratulated for his broad view of the 
problem which is typified by one of his opening statements, 
“There is no standard treatment for feedwater and each case 
must be studied ...., ” and again in his summary where he 
recognizes the various aspects of the locomotive-boiler carry- 
over control problem. 

Nowhere in the power-boiler field are so many variables en- 
countered. Ona single railroad operating division the variables 
introduced by the number of water supplies of differing qual- 
ities, the number of treating plants, the number of boilers, the 
number of different operators handling the boilers, complicated 
further by the erratic boiler-operating conditions peculiar to 
railroading, make the problem of precise control of feed- and 
boiler-water conditions much more complex than that encountered 
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in stationary or marine service. These erratic variables which 
make precise control difficult also make precise and responsive 
control more essential. The tangential steam dryer appears to 
fulfill this requirement by reacting quickly and in a positive man- 
ner. It seems to the writer that the principal advantage of the 
steam dryer is its ability to prevent carry-over from sudden cases 
of foaming of short duration such as those which occur when 
sudden maximum steam demand is made while accelerating a 
train. He agrees with the author that the major responsibility 
for control of foaming rests on water treatment and adequate 
but efficient partial blowdown. It is obvious that the steam 
dryer cannot serve as a practical foam indicator or blowoff device 
because foam must fill the steam space of the boiler before it will 
function in that capacity. 

If the steam dryer will remove aquaglobes and foam spray 
from steam, and it appears that it should, a report of its per- 
formance in that respect would be of interest because there are 
districts where this type of carry-over causes more superheater, 
valve, and cylinder damage than foam carry-over does on most 
railroads. 

The author’s remarks on relation of carry-over to working 
rate of the engine are interesting, and, although outside of the 
immediate scope of the paper, the cause of the violence of 
the carry-over on sudden increase in working rate would be of in- 
terest to the water chemist. Answers to the following questions, 
if available, would be of value to him in that connection. What 
was the foaming point of the boiler water used in the tests; that 
is, at what concentration does this water produce foam carry-over 
when the engine is worked normally at maximum steam demand 
with constant boiler steam pressure and a half-glass of water? 
A boiler-water concentration is given for the graphs. Is this 
at the beginning of the carry-over period, the end, or an average? 
Was any blowoff done during the test and was there any drop 
in steam pressure during the first few minutes following the sud- 
den increase in working rate when the excessive carry-over was 
observed? 

The writer’s experience has been that very violent foam carry- 
over is encountered upon sudden steam demand if the boiler 
water is above the foaming point (or near the foaming point if 
accompanied by a drop in boiler steam pressure); that carry- 
over has the same effect as an equivalent amount of blowdown 
toward reducing the boiler-water concentration and will there- 
fore rapidly reduce the concentration to the foaming point where 
a much smaller amount of carry-over is encountered. This is 
indicated by the dryer discharge in seconds accompanying the 
author’s graphs (Figs. 8, 9, and 11) where the dryer appears to be 
acting as a blowoff device in reducing the foam height in the boiler 
by reduction in boiler-water concentration. The writer feels 
that the violent carry-over on sudden steam demand is simply 
a function of the evaporation rate and boiler-water concentra- 
tion and that the sudden change in rate of working has no other 
result than to make the effect of these factors appear suddenly. 
Under such conditions foam carry-over ceases just as sud- 
denly when the steam demand is reduced, indicating a like 
reaction in both directions. Perhaps this is what the author has 
in mind but, if he has evidence of some other factor which in- 
creases the carry-over out of proportion to evaporation and 
concentration effect, it would be of interest. 


J. C. Somers.!2 The outline of mechanical methods to pre- 
vent foaming is interesting but such methods in wartime involve 
purchase and installation of equipment which must be considered 
in comparison with application of antifoaming agents which are 
also mentioned favorably by the author in the paper. Because 


12 Industrial Products Engineering Company, Long Island City, 
N. Y. Mem. A.S.M.E. 
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of continued heavy locomotive loads and no letup in wartime 
restrictions on labor and equipment, such available antifoaming 
materials, it seems to the writer, deserve consideration since 
they evidently can be delivered promptly. The obvious success 
of colloidal type of antifoam agents needs to be brought to the 
attention of operators in view of the elementary principles in- 
volved in preventing foaming. Recent publications can explain 
much more scientifically how this occurs, notably a paper by 
Jean de Frank, * discussing organic colloids. 


P. B. Puace.!4 Mr. Williams has presented a very complete 
discussion of the characteristics and causes of carry-over from 
locomotive boilers, and described methods and equipment for 
control of foam carry-over. It is of interest to note that, in 
general, the problem of carry-over from locomotive boilers is 
similar in many respects to that from stationary water-tube 
boilers. 

Foam carry-over, or foamover as it may be termed, constitutes 
by far the greater percentage of carry-over problems and is par- 
ticularly troublesome because it is difficult to predict or correlate 
with known factors. Although foaming is primarily a function 
of the boiler-water concentration, the ratios of constituent salts, 
alkalinity, presence of small amounts of oil or organic matter, 
water level, rating, changes in rating, type of firing, and boiler cir- 
culation are all factors of sufficient influence to make duplication, 
correlation, and interpretation of foam carry-over difficult. 

The inconsistency of rating and concentration as criteria of 
satisfactory steam purity is shown in Table 3. 


TABLE 3 
Drum Rating, lb per hr Safe concentration 
Example diam Pressure Sq ft Ft. width limit, ppm 
A 60 960 3000 15000 700 
B 54 800 2800 12500 5000 
Cc 60 890 2000 10250 1500 
D 66 425 1700 9450 4000 
E 48 410 1000 4100 2500 
F 48 575 975 3900 1500 


The boilers listed are all single-drum units having similar drum 
internals. Note that the ratings in terms of liberation per sq ft 
of water surface are considerably higher than for the average loco- 
motive boiler and that the safe limits of boiler water concentra- 
tion show no relation to operating pressure, boiler rating, or drum 
diameter. All of these units were likely to give foam carry-over 
at concentrations above the limits given. The most troublesome 
case, F', was very conservatively rated and the foaming was traced 
to presence of oil and organic matter in the boiler water. 

In general, boiler waters with concentrations less than 600 
ppm seldom give trouble with foam carry-over. Higher concen- 
trations do not necessarily, however, induce excessive foaming 
and isolated cases are known where boiler-water concentrations are 
maintained continuously at 10,000 to 15,000 ppm without trouble. 

Experimental work on steam purification and control of foam- 
ing has been in progress for some time in our laboratory and 
much of the mystery of the mechanics of carry-over has been 
eliminated. Using a short section of a simple water-tube boiler 
having lights and windows installed in the heads of the 54-in- 
diam drum to give full visibility within the drum, it has been 
possible to observe the physical characteristics of foam and the 
effectiveness of various methods of controlling it. Although the 
test unit is operated at atmospheric pressure, correlation of the 


13°TInternal Feedwater Treatment of Locomotive Boilers,” by 
Jean de Frank, Master Boiler Makers’ Association Proceedings, 
1944, pp. 69-78; also ‘‘Colloidal Organic Boiler Feedwater Treat- 
ment,’ by Jean de Frank, Railway Mechanical Engineer, vol. 118, 
1944, pp. 555-557, 566 

14 Research and Development Engineer, Combustion Engineer- 
ing Co., Inc., New York, N. Y. Mem. A.S.M.E. 
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observations with field tests of pressure units suggest that, qual- 
itatively at least, the low pressure observations are a valuable 
guide in the analysis and solution of carry-over problems. 

It is difficult to compare the performance of locomotive and 
water-tube boilers of the same total output and operating pres- 
sure, because of the difference in method of rating the boilers and 
difference in design. 

The established methods of rating boilers are based primarily 
on velocity of steam flow. Thus locomotive boilers are rated in 
terms of steam liberation per sq ft of water surface. This is a 
logical system as the steam is actually liberated from the water 
surface and vertical velocity must be kept low to avoid entrain- 
ment of spray. On the other hand, water-tube boilers do not, 
as a rule, liberate their steam from the water surface, but deliver 
the riser mixtures to the drum above the water level and depend 
on various designs of baffles to obtain separation. 

Stationary boilers have the advantage over locomotive boilers 
of greater available drum space for installation of separation and 
drying equipment and in most cases, can distribute the steam 
offtakes over the length of the drum rather than concentrate the 
steam flow through a steam dome. In such boilers, the availa- 
ble drum volume becomes a better measure of potential rating 
than the area of the water surface and a common method of 
rating water-tube boilers is in terms of steam output per foot of 
drum length, with drum diameter as an additional factor. 

Where foaming is involved, carry-over is induced, not so much 
by steam velocity as by the fact that the foam simply accumu- 
lates in the available drum space until it piles up to the steam 
outlet and is swept out of the drum by the steam flow. In such 
cases, the amount of drum space available for foam accumula- 
tion becomes a major factor and boilers with small available 
drum space may foam over at relatively low ratings. 

The limited space available in locomotive boilers calls for a 
dynamic type of separator rather than the ordinary baffle or 
filter type of separator used in many water-tube-boiler drums. 
The tangential dryer, described by Mr. Williams, utilizes availa- 
ble velocities to accelerate separation and with automatic and 
positive drainage, this equipment appears to be both logical and 
satisfactory by test. 


AvuTHOR’s CLOSURE 


All of those taking part in the discussion have emphasized the 
importance of the present-day carry-over problem. Their con- 
tributions discuss the subject from all angles and will be valu- 
able in approaching an answer to the problem. 

There is general agreement that every effort should be made to 
control or prevent foaming by the use of proper feedwater treat- 
ment, by proper blowdown, and by the use of antifoam treatment 
where such is necessary. The steam separator with an outside 
discharge valve should be considered as an additional precaution 
against carry-over leaving the boiler when conditions are such 
that foaming or effervescence takes place in spite of all that has 
been done in an attempt to prevent such an occurrence. Agree- 
ment with this view is expressed directly by Messrs. Carr, 
McCoy, Pownall, and Seniff. Mr. Seniff points out the dif- 
ficulty of controlling carry-over by chemical means and by blow- 
ing due to the great number of variables that enter into railroad 
operation. 

The increase of foaming in recent years due to improved feed- 
water treatment is confirmed by Messrs. Jackson and Pownall. 
Messrs. Ostermann and Ryan comment particularly on the in- 
crease in carry-over due to the harder working of locomotive 
boilers demanded by modern operating conditions with no in- 
crease in the boiler size. 

Mr. Jackson states that he believes that once the foam has filled 
the dome it is too late to prevent carry-over into the superheater. 
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The results given in the paper show that under such conditions, 
the apparatus tested reduced the moisture entering the super- 
heater units to a very small amount and in some cases elimi- 
nated it entirely. For instance, the results given in Fig. 11 from 
the twenty-sixth minute to the thirtieth minute indicate dry 
steam entering the superheater. During this and other tests, 
observations through the sight glasses showed that the dome was 
entirely filled with foam as stated by Mr. Jackson from his ob- 
servations. 

Mr. Ryan comments on the relation between carry-over and a 
change in the rate of the working of the engine. The test periods 
commented on by Mr. Ryan were for more or less constant rate of 
working. The effect on carry-over of a sudden change in the 
rate of working is best shown by those times when the rate of 
working was suddenly increased so that a test under foaming 
conditions could be started. Such times are at the seventh 
minutein Fig. 9, the first minute in Fig. 10, and the fifth minute in 
Fig. 11. In each case, the sudden change in the rate of working 
as indicated by the increase in exhaust pressure from 10 to 17 or 
20 psi produced immediately a foaming condition. It is true 
that during these tests the water was in a condition extremely 
susceptible to foaming and it should not be inferred that foaming 
will always occur when the rate of working of an engine is sud- 
denly increased. Whether or not this happens will depend on the 
condition of the boiler water. Mr. Ryan also comments on the 
possibility of carry-over being noticed by the engine crew. For 
the results recorded in Fig. 8 there was no question as to the 
carry-over being noticeable. For the other tests there were no 
variations in the water level or condition of the water in the 
glass that would indicate foaming. It is possible that the in- 
fluence of a small amount of carry-over on the power output of 
the locomotive would be noticed by an experienced engineman. 
This would of course depend to a great extent upon the individ- 
ual and the conditions under which the locomotive is operating. 


Mr. Seniff raises some specific questions with regard to the 
tests. The boiler-water concentration given in Figs. 8 to 11 was 
that of asample taken at the end of the run. The exact foaming 
point of the boiler water used in the tests is not known. Refer- 
ence to Figs. 8 and 10 will show that there was considerable 
foaming with a boiler-water concentration of 120 grains per gal- 
lon. During all of the tests the boiler was worked at a high rate 
of evaporation with a constant boiler steam pressure and normal 
water level in the glass. Normally antifoam compound was used 
in the territory where the tests were made, but this was not done 
during the tests so that the foaming conditions of the water 
would be as bad as possible. For the same reason the blowoff 
cocks were never used. There was no noticeable drop in the 
boiler steam pressure during the times when excessive carry-over 
was observed. Mr. Seniff’s feeling that the violent carry-over on 
sudden steam demand is simply a function of the evaporation 
rate and boiler-water concentration is probably correct, as is also 
the statement that carry-over can be stopped by reducing the 
steam demand. 

Mr. Place’s comments are extemely interesting since they 
indicate that locomotive boilers are not the only type which are 
subject to troubles from carry-over. The table included in Mr. 
Place’s discussion indicates the difficulty of determining the pos- 
sibility of foaming in relation to boiler design and water concen- 
tration. It is evident that when everything possible has been 
done to prevent foaming it is still desirable to have a device which 
will prevent carry-over from the boiler when conditions occur 
which cannot be anticipated in advance. 

Both Mr. Carr and Mr. McCoy were correct in pointing out 
that while certain types of organic matter will aggravate foam- 
ing, it is also true that other types of organic matter such as 
tannin extract, and the amines and amides which form the basis 
for the newest antifoam water treatments, are definite foam 
inhibitors. 
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On Fatigue Failure Under Triaxial Static 
and Fluctuating Stresses and a Statis- 
tical Explanation of Size Effect 


By F. H. FOWLER, JR.,1 CALDWELL, N. J. 


The purpose of this paper is to develop a framework for 
establishing a criterion of safe fatigue characteristics of 
manufactured units. In addition a statistical theory of 
fatigue has been indicated. Provision can be made for a 
study of combined stresses, static and vibratory stresses, 
and yariations in amplitude. Interesting explanations 
of scale effect and stress gradient effect are given. It is 
hoped that this will provide a useful framework to im- 
prove the designer’s judgment and upon which to build 
additional work on fatigue. 


INTRODUCTION 


N establishing a criterion of safe fatigue characteristics of 

manufactured units, decisions are necessary concerning the re- 

quired degree of safety, required operating conditions, and 
basic theory of failure. Also the stress history of each point and 
the properties of the material must be determined. After these 
decisions are made and these data are determined, computa- 
tions as outlined in this paper can be made to determine whether 
or not a design is safe. 

Definition of ‘‘Safe Design.’”” A safe design is one which re- 
quires a properly manufactured, installed, used, and serviced 
example of that design to have a probability of premature failure 
less than a maximum permissible amount. The decision as to the 
maximum permissible probability of failure must be based upon 
individual design requirements. In this paper primary con- 
sideration will be given to “‘safe designs” with a positive proba- 
bility of premature failure. 

Assumed Operating Requirements. If the use to which a product 
is to be put calls for varied distributions of operating time among 
specified permissible operating conditions, there may be con- 
siderable differences among individual units in the severity of 
the fatigue loads. Therefore, for the use of the designer there 
should be specified a standard history of operating conditions 
rather than merely a list of severest operating conditions. Also, 
for the individual customer, guarantees should be based upon 
histories similar to and more severe than those required of his 
particular unit. : 


Basic THEORY OF FAILURE 


A basic theory of failure is recommended modifying Orowan’s 
(1)? work for the case of variable stress amplitude, for the case 
of triaxial stress, and for the case of both static and vibratory 
loads. 


Orowan’s theory of fatigue failures is as follows: Materials 


1Senior Structures Engineer, Propeller Division, Curtiss-Wright 
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contain imperfections which cause stress concentrations. Under 
static loading, these stress concentrations are reduced by plastic 
flow. However, in the fatigue process, successive cycles work- 
harden the material in the neighborhood of the imperfection, 
thereby continually diminishing the reduction in stress concentra- 
tion due to plastic flow. This continues until a condition is 
approached in which there is no plastic flow because either the 
yield point is sufficiently increased or because the true ultimate 
strength of the material is exceeded. In the latter case, a fatigue 
failure takes place. This theory is reviewed by Prof. Frederick 
Seitz (2). It is interesting that in addition to its ability to ac- 
count for the difference between ultimate strength and endurance 
limit, this theory is indirectly confirmed by its ability to predict 
the shape of the S-N diagram. 

One of the points of Orowan’s theory is that the effect of the 
static stresses in fatigue is insignificant and that only the vibra- 
tory stresses are important. If it is possible to so work-harden 
the material that no local plastic flow occurs during the unloading 
cycle, none will occur during the reloading cycle. The range of 
stress determines, practically independently of the static stresses, 
whether or not this takes place. Consequently, the range of 
stress alone should determine whether or not a fatigue failure 
should take place. On the other hand, there is the possibility 
that the static stresses might influence the severity of the im- 
perfections and hence might affect the range of the local vibra- 
tory stresses. J. O. Smith has gathered considerable data on 
fatigue (3). Looking at this theory in the light of these data, 
it would seem that under certain circumstances the static stresses 
are important and under others they are not. 

For combined stresses where the number of cycles before 
damage is important, the situation becomes more complicated. 
There remains the problem of the probable effects of static stresses 
upon the severity of irregularities. In addition, the effect of 
the fluctuating stresses has to be divided into two elements. 
The first is the rate at which work-hardening will take place 
under various conditions of fluctuating stress. The second is the 
condition of combined stress which will cause fracture after 
work-hardening has resulted in increasing the stresses. Thus for 
the general case of fatigue, decisions are necessary concerning 
the assumed laws of the effect of static stresses upon irregularities, 
of the rate of work-hardening under combined stress, and of 
fracture under combined stress. 


PROPERTIES OF THE MATERIAL 


To simplify the problem of properties of the material, as- 
sume a true stress-strain diagram shaped as in Fig. 1. There isa 
straight line of slope # from the origin O to the yield point A. 
There is a straight line of slope c’ from A to the breaking point Z. 
Unloading curves have the slope #. Symmetry also exists be- 
tween the tensile and compressive diagrams about the strain inter- 
cepts of the unloading-loading lines (e.g., O, C, ZH). Note how the 
yield point has been increased by cold work from the stress 
corresponding to B to the stress corresponding to F. It is hoped 
that the foregoing simplifications will prove satisfactory for prac- 
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tical application. If not, their use will simplify this explanation 
and the additional complications introduced by their replacement 
will not alter this general pattern. 

Using these assumptions, probability distributions of several 
properties are required. These properties are the existence of an 
irregularity of stress-concentraction factor K, in a unit volume of 
material, and for each point the true ultimate strength oy, the 
slope o’, the modulus of elasticity H, and the original yield point 
oo. Note that K has a minimum possible value of 1. It is 
reasonable to assume that any irregularity must have a finite 
radius of curvature at any of its corners and hence that K has a 
maximum possible value. Also it is reasonable to assume that a, 
has a maximum and minimum value. It also seems reasonable 
that the other properties would have a finite range of values. 

Stress History. A knowledge of the stress history of each point 
is required. It is possible that exact values of this can be ob- 
tained. However, it is more likely that there will be an error 
in the stated stress. Hence to avoid either timidity or rashness 
in an estimate of the probability of failure, it is necessary to re- 
place stresses with a distribution curve giving the probability of 
every possible stress at a given point at a given time. By stress 
here is meant the stress, ignoring irregularities. When the ef- 
fect of irregularities is considered, the term local stress or local 
strain will be used. 


PROBABILITY OF FAILURE IN UNIT VOLUME 


The first computation required is a computation of probability 
of failure in a unit volume subjected to the stress history of a 
given point. This probability is required for every point. 

Consider the case where there are p periods of time during 
each of which the fluctuating stress is constant; let 


S; = amplitude of fluctuating elastic stress during ith period 

e; = local plastic strain, first quarter-cycle of ith period 
7-1) = yield point before ith period 
o; = yield point after 7th period 
n; = number of cycles during 7th period 
K = stress-concentration factor 
E 
a’ 


modulus of elasticity 
slope of stress-strain diagram in plastic range 


To obtain S; it is necessary to postulate a type of irregularity; 
then 


e: = f(S;, o¢-1, K, o’, £) 


From Equations [2] of Orowan’s paper (1), the increase in 
yield point during the th period is given by the formula 


o; = S;K IP “Genge) HA + ds toda gad) Snot 


Then if each n; is constant, successive application of Equation 
{1] gives 
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It is interesting to note that the order in which the stresses 
occur is significant; let 4 


P(c,)do, = probability of a yield point after pth period be- 
tween op and o, + do, 

P(S;)dS; = probability of a stress during the ith period be- 
tween S; and S; + d§; 

P(c)doy = probability of a true ultimate strength between oy 
and of + doy 

P(oo)doo = probability of an original yield point between 
Cony and do + doy 

P(o’)do’ = probability of a slope of true stress-strain diagram 
beyond yield point between o’ and o’ + do’ 

P(£)dE = probability of a modulus of elasticity between 
Hand E + dH 

P(K)dK = probability that the most severe irregularity in a 
unit volume has a stress-concentration factor be- 
tween K and K + dK 


Then 
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i=1 


and the integration is carried out over the (p + 4) dimensional 
volume between the (p + 4) dimensional surfaces 


and 


Now the probability that the true ultimate strength is less 
than oyis given by the formula 


PAG =) JouPaepden. sees, Ieee [4] 


The probability that the final yield point lies between «, and 
o, + do,, and that such a final yield point will result in failure, is 
given by the expression 


Poa) hon) dian 


and the probability of failure in a unit volume is given by the 
formula 


peli Pro Nee don. ee [5] 
PROBABILITY OF FAILURE IN UNIT 


The next step is to consider the final problem of whether there 
will be a failure in the unit. 


1 — P, = probability of no failure in a unit volume 
q = probability of no failure in a volume dv, or the 
probability of no failure at a given point 
1/dv = number of volumes dv per unit volume 


As the probability of no failure in a unit volume is the proba- 
bility of no failure in all the volumes dv comprising it, or the 
product of the probabilities of no failure in all of these elementary 
volumes 


(g)/@ = 
dy aaron 


1 —P, 


Therefore 
(1 — P,)*” = probability of no failure at a given point having 
a volume dv 
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As P, is now considered known for every point in the solid, the 
probability of there being a point in this solid at which a failure 
will occur can be calculated as follows: 


Let 
P = probability of a failure in the entire unit 
then 
v/dv 
l= P= (= P)* 
t=1 
and ° 


In(1 — P) = Sin (1 — P)®” = 3B In(l — P,) dv 
jp il — eS ln(l—Pv)dv 


This statistical procedure has been used and checked experi- 
mentally by Weibull (4) for brittle materials. In place of Equa- 
tion [6], Weibull uses the approximate formula 


P= cme 


Weibull distinguishes between materials for which a crack will 
propagate until failure of the unit takes place and materials for 
which no such propagation takes place. As most cases of fatigue 
of metals involve situations where cracks will propagate, the sec- 
ond case has not been considered. 


ScaLe Errect 


If two pieces of different size are geometrically similar and 
subjected to the same stress distributions, the probability dis- 
tribution of failure is changed. 

In Equation [6] let 


By = eS In(l — Pr) deo 
where 


v) = volume of small piece 


for the small piece. Note that 1 — P, is always less than 1, 
hence In(1 — P,) is always negative and Bp is never more than 1. 
Let 

B, = eS In —Pr)dVi = BiVi/Vo 


where 
Vi 


volume of large piece 
as 
Vie Vion Bi 85 

Hence, for the large piece, P is always greater than for the 
small piece unless By is 0 or 1. If the endurance limit is re- 
garded as the fluctuating stress for which a fatigue failure and no 
fatigue failure are equiprobable, then the endurance limit be- 
comes, for geometrically similar pieces, a function of the diameter 
of the piece. : 

The curve of endurance limit as a function of diameter should 
have the shape given in Fig. 2. 

The upper flat portion approaches a constant stress equal to the 
maximum possible true ultimate strength divided by minimum 
possible stress-concentration factor due to irregularities. The 
Jower flat portion is asymptotic to a constant stress equal to the 
minimum possible true ultimate strength divided by the maxi- 
mum possible stress-concentration factor. A plot indicating 
the lower flat portion can be found in the appendix of A.S.T.M. 
report (5). 

Stress-Gradient Effect. The stress-gradient effect is conceived 
as similar to the scale effect in that there are differences in the 
volume of materials for which the greatest probability of failure 
per volume exists. 

Certainties. This problem becomes very much simplified 
when P, = 0. In that case no failure will occur in the unit. Pre- 


ENDURANCE 
LIMIT 


MAXIMUM 
ENDURANCE 
LIMIT 


MINIMUM 
ENDURANCE 
LIMIT 


DIAMETER 


Fic. 2 Enpurance-Limir Curve 


sumably, in this case no scale effect or stress-gradient effect 
would be observed. 


SUMMARY 


While the general framework for a theory of fatigue has been 
proposed, there remains considerable research to be done before a 
quantitative application to design can be made. However, it 
emphasizes the desirability of deciding whether to use large 
enough specimens in testing for endurance limit to avoid the 
possibility of failure or to evaluate the probability that a failure 
will occur. It also provides the index P, which can be used if not 
quantitatively at least qualitatively in co-ordinating stress-dis- 
tribution data and material data in determining the severity of 
the stresses at any point. It is therefore hoped that this paper 
will prove to be of guidance to the designer. Furthermore, it is 
hoped that this discussion will stimulate further research in the 
undeveloped phases of this field. 
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Discussion 


R. E. Perprson.? This paper points in a direction which is 
certain to receive considerable attention in the future. 

We have attempted to apply Weibull’s statistical analysis to 
materials testing and found it useful in connection with static 
strength of porcelain, but thus far have not been successful with 
application to the fatigue strength of ductile materials. 

According to Weibull, the volume of material under test may 
be viewed as an important variable. To test this, it is desira- 
ble to vary volume without changing stress gradient; this can 
be done by keeping diameter constant and changing length. 
The writer can recall only two eases of this kind. Horger and 
Maulbetsch‘ tested 0.3-in-diam 0.45 per cent C steel specimens 
with contour radii of 5 in., 97/s in., and infinity (straight section 
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17/,, in. long). The same endurance limit was found for all 
cases, although the upper branch of the S-N diagram differed. 
Kenyon® found a lower endurance range in testing long wires, 
but there is some question if the tests, carried out on different 
types of machine, are strictly comparable. 

The author’s sketch of endurance limit versus diameter is 
quite interesting. Actually we do obtain a hump at small diame- 
ters, i.e., for medium-carbon steel, a 0.3-in-diam specimen was 
found to be 5 to 10 per cent higher than a 1/,-in-diam specimen.® 
It is hoped that the author will show the degree to which the 
theoretical curves fit the foregoing data as well as those recently 
published by the A.S.T.M. Research Committee on Fatigue of 
Metals.” 


AUTHOR’s CLOSURE 


The author wishes to thank Mr. Peterson for the interest taken 
in this paper. The data of Horger and Maulbetsch‘ cited pro- 
vide information on only three failed specimens of each type. 
While all but two of the failed specimens failed at points on the 
S-N diagram related to one another in a manner regarded as the 
most probable by the principles stated in the paper, there is 
insufficient data to provide more than a qualitative confirmation 
of the principles. The data of Kenyon® because of differences in 
machines cannot be applied to this problem with confidence. 
The curve of the A.S.T.M. Research Committee on Fatigue of 
Metals cited in the discussion does not provide much more than 
qualitative confirmation because of the meagerness of the data. 
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However, the conclusion of an endurance limit for large diameters 
is in line with that of a minimum possible endurance limit. 

The curves of endurance limit vs. diameter® cited in the discus- 
sion provide real interest. Further discussion of them has been 
carried out between Mr. Peterson and the author as follows: 
The existence of a maximum point as shown in the curves is con- 
trary to predictions made based upon the principles developed in 
this paper alone. This could be because of relative grain size 
effects which were neglected in this paper. For the smallest 
specimens used, the number of grains in a cross section becomes 
very low and hence these smallest specimens might be expected 
to behave in some respects similar to a single crystal. This 
would tend to cause a reduction in strength, possibly to such an 
extent as to change the rate of change of strength with respect to 
cross sectional area from positive to negative. Also, the effect of 
variations in conditions at or near the surface can be expected to 
assume even greater importance for the very small specimens. 
On the other hand, it might be possible to explain the maximum 
point on the basis of a certain discontinuity in some of the tests. 
The sources of two of the curves has been examined. There it 
was found that in both cases the maximum point represented the 
results of a rotating beam tests whereas all the others represent 
results of rotating cantilever tests. A comparison of the S-N 
diagrams for the different diameter specimens of one of these 
curves has been published. It can be noted that the upper 
branches of S-N curves for all rotating cantilever specimens tend 
to converge toward a single point. However, the upper branch 
of the S-N diagram for the rotating beam specimens diverges 
from the point. This tends to strengthen the possibility that the 
use of a rotating beam specimen is the cause of the maximum 
points. The author regrets that rotating cantilever tests at 
this diameter are not available to clarify this matter. 


8 “Fatigue Tests of Small Specimens With Particular Reference to 
Size Effect,’ by R. E. Peterson, American Society for Steel Treating 
(now American Society for Metals), Transactions, vol. 18, 1930, p. 
1043. 


Bi niinencsel Applying @utting Fluids at 


Different Temperatures When Turning Steel 


By O. W. BOSTON,! W. W. GILBERT,?’anp R. E. McCKEE? 


This paper presents the results of an investigation to de- 
termine the influence on cutting speed, tool life, chip 
formation, and other pertinent factors, of a cutting fluid 
applied at each of several different constant temperatures, 
ranging from 55 Fto 150 F. A sulphurized mineral oil and 
an emulsion, consisting of 1 part soluble oil and 20 parts 
water, were used as cutting fluids. 


MareriaL Cut 


HE material cut in the tests to determine the influence 

of the application of cutting fluids at different tempera- 

tures was an S.A.E.3140 annealedsteel originallyin the form 
of a forging 4 ft long and 12 in. diam. The chemical composi- 
tion was C, 0.39 per cent; Mn, 0.72 per cent; P, 0.025 per 
cent; S, 0.022 per cent; Si, 0.20 per cent; Ni, 1.11 per cent; 
Cr, 0.72 per cent. The scleroscope hardness was 24 to 26, 
and the Brinell hardness was 207. A tensile specimen taken at a 
radius of 4 in. showed the following physical properties: Ulti- 
mate strength, 105,600 psi; yield point, 60,300 psi; reduction in 
area, 46.5 per cent; elongation, 23 per cent in 2 in. 

The large steel forging was mounted in a 30-in-swing engine 
lathe, Fig. 1, being chucked at the spindle end, and mounted on 
a live center in the tailstock. This 12-speed geared-head lathe 
was driven by an alternating-current motor, through a mechani- 
gal variable-speed-drive unit so that desired cutting speeds could 
be maintained as the diameter of the work was reduced by 
machining. 

Curtine Toous 


The cutting tools were tool bits #/gin. square X 31/2 in. long, of 
Red Cut Superior (184-1) high-speed steel ground to the shape 
of 8 deg back rake, 14 deg side rake, 6 deg end relief, 6 deg side 
relief, 6 deg end-cutting-edge angle, 15 deg side-cutting-edge 
angle, and 3/4 in. nose radius. This tool is designated as 8-14- 
8-6-6-15-8/e (Fig. 2). It was held in a solid-block tool holder 
approximately 11/2 in. wide, 25/; in. high, and 4 in. long. The 
tool bit was clamped by one setscrew in the holder with a back 
slope of 101!/; deg. These tool bits were ground on a special 
tool grinder in which a Norton Company abrasive wheel of 
3846J5BE type was used so that the finish was very good at 31/2 
microin. parallel to the abrasive marks which were at right 
angles to the cutting edge. The surface parallel to-the cutting 
edge measured 51/2 microin. 


Curtine Fiurps 


A commercial all-purpose industrial fluid cooler was used in 
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addition to the regular cutting-fluid tank on the lathe so as to 
maintain the larger quantity of cutting fluid, some 40 gal in all, 
at a constant temperature for each series of tests. A discharge of 
cutting fluid on the tool of 5 gpm from a ?5/3.-in-ID nozzle was 
maintained inalltests. A 2100-watt electric heating coil was in- 
stalled in the tank of the cooler so that the oil could be heated up 
to the temperature at which each test was to berun. The cooler 


prevented the temperatures from rising during the tests. A 
dial-type thermometer reading from 50 F to 250 F was installed 
This 


in the tank beside the centrifugal pump of the cooler. 
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was the controlling temperature at which the cutting fluids were 
applied to the tool. 

The cutting oil consisted of a sulphochlorinated petroleum 
oil which had viscosities at the 7 temperatures at which it was 
used as follows: 


Temperature, F Saybolt Universal, seconds 


55 530 
70 320 
85 205 
100 145 
115 110 
130 85 
150 66 


The sulphochlorinated mineral oil referred to is a mixture of a 
sulphochlorinated fatty-oil base with a mid-continent neutral 
petroleum oil. Its analysis shows approximately 0.6 per cent 
sulphur and 0.5 per cent chlorine. 

The second series of tests was carried out with an emulsion. 
This emulsion was made by mixing 1 part of a standard soluble 
oil with 20 parts by volume of distilled water. Inasmuch as this 
liquid did not increase in viscosity for the lower temperatures, a 
low temperature of 40 F was added’ to the 7 at which the 
oil was used. The soluble oil used in making the emulsion is of 
the petroleum-sulphonate-soap type and from appearances 
and routine tests was an exceptionally well-made product. 


CurtInc-SPEED Toou-Lirr Tests With OIL 


As noted, the first series of tests was run with a sulphochlorin- 
ated mineral oil. For each of the constant temperatures of the 
oil, a number of cutting-speed tool-life tests were run. Every 
third or fourth test was run dry at a given cutting speed of 135 
fpm to furnish points for the dry-cutting line and also provide a 
means of checking the uniformity of the machinability of the 
test log throughout the tests. 

Three or more tests were run with the oil at each of the 7 
temperatures, using a depth of cut 0.100 in. and a feed of 0.0125 
in. per revolution. These cuts were maintained in all tests. 
In Fig. 3 ten circles are shown plotted on log-log paper. Each 
circle represents the tool life obtained in a test run at its corre- 
sponding cutting speed. Erratic results were obtained, as indi- 
cated by the fact that the points, particularly at the shorter 
values of tool life, do not lie uniformly on the line. The line 
shown was taken to represent these data, however. The equa- 
tion of this line had previously been determined to be V7” = C, 
in which V is the cutting speed in feet per minute at which the 
test was run, 7’ is the resulting tool life in minutes, as indicated 
by the complete breakdown of the tool, n represents the tangent 
of the angle of slope made between the line and the horizontal 
line of the graph sheet, and C is a constant depending on the 
tool material, tool shape, material cut, size of cut, cutting fluid, 
etc. This line represents the performance of the cutting oil 
under these conditions in two ways: (1) by its height or vertical 
displacement as indicated by C (which equals the cutting speed 
for a 1-min tool life); or (2) by V3, which is the cutting speed for a 
3-min tool life, or, Vo, the cutting speed for a 30-min tool life, or 
T\35, Which is the tool life for a cutting speed of 135 fpm, ete. 
Values of V and T for any tool life or speed can be taken, de- 
pending on the comparative information desired. The table in 
Fig. 10 shows these values of C, n, V3, Vz0, and T135. 

Figs. 4 to 9 represent» corresponding cutting-speed tool-life 
lines obtained from experimental data shown plotted as circles 
with a similar tabulated record of the line characteristics. These 
lines are all grouped for better comparison in Fig. 10. Here the 
circles representing the various tests in Figs. 3 to 9, inclusive, 
are omitted to relieve congestion and give emphasis to the lines 
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(High-speed steel tool bits of a shape 8-14-6-6-6-15-*/1 were used to turn an 

annealed §.A.B. 3140 steel, using a depth of cut of 0.10 in. and a feed of 

0.0125 in, The enclosed table gives the characteristics of each line for com- 

parative purposes. The vertical scale of the log-log graph is 5 times that 
of the horizontal.) 


themselves. In Fig. 10, the vertical scale is 5 times that of the 
horizontal scale, the better to magnify the vertical displacements 
between the several lines. Any values read from these curves, 
except that of n (slope), are correct, however. Values of C, 
n, Va, Vso, and 7435 for all curves are also summarized in the table 
at the upper right in Fig. 10. In Fig. 10, it is clear that the 
line for the 70 F oil temperature is highest on the graph. This 
indicates that the cutting speed is highest for any given value of 
tool life when the cutting fluid is maintained at 70 F. The value 
of C is 180 fpm, V3 is 158 fpm, Vso is 120 fpm, and 7435 is 11.2 
min. These are the highest values in the table. 

The 85 F line is next highest on the graph, indicating proba- 
bly less cooling effect of the oil. For some reason the line for 
55 F is next in height. This position probably results from the 
fact that at this temperature the viscosity of the oil is 530 SSU, 
very high—too high to allow the oil to flow freely and act effec- 
tively as a coolant. The lines for the temperatures of 100 and 
115 F are practically identical and next in height on the chart. 
Also the line for the 150 F temperature was found to be substan- 
tially equal to that of the 130 F. They lie between the line for 
the 100 and 115 F temperatures and that for dry cutting. The 
fact that the 150 F line is not lower than the 130 F line may 
indicate that a high temperature is reached such as 130 F, be- 
yond which little cooling takes place, but that the cutting speed 
for a given tool life is slightly above that for dry cutting be- 
cause of the lubricating effect of the oil in reducing the energy re- 
quired to form the chip. This lubrication probably takes place 
in the fissures on the outside of the chip. The viscosity of the 
oil at 150 F is only 66 SSU. 

Figs. 11 and 12 summarize the data shown in the table of 
Fig. 10 and emphasize the value and relationship of the results. 
Fig. 11 shows viscosity of the oil at different temperatures plot- 
ted over the oil temperature, as a solid line. The viscosity is 
reduced from 530 SSU at 55 F to 66 SSU at 150 F. The dashed 
line shows 7135, the tool life for a cutting speed of 135 fpm; this 
shows clearly how tool life is low at 7.8 min for the oil at a tem- 
perature of 55 F, a maximum of 11.2 min at or a little above 
70 F, and then falls off to the lowest value of 4.5 min for the 
highest temperature of 150 F. It drops further to 3.99 min for 
dry cutting. This line shows that the best temperature for 
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(Tools ground to a shape of 8-14-6-6-6-15-8/es at 0.100 in. depth and 0.0125 
in. feed with a sulphurized mineral oil a each of several constant tempera- 
tures. 


longest tool life is at or slightly above 70 F. If the value of 
T 135 of 3.99 min for dry cutting represents 100 per cent, then the 
4.5 min for the 150 F temperature is 113 per cent, and the 11.2 
min for the 70 F temperature is 280 per cent. This shows the 
very effective result of refrigerating the oil. 

Fig. 12 gives the summary lines representing V3, V30, n, and 
T 135, plotted over the temperature of the oil. If Vz for dry 
cutting is 142 fpm and represents 100 per cent, then the value of 
V; of 148 fpm at 150 F is 100.5 per cent, and the 158 fpm for the 
70 F temperature is 111 per cent. Again, if 99 fpm is Vo for dry 
cutting and represents 100 per cent, then the 102 fpm for 150 
F is 103 per cent, and the 120 fpm for 70 F is 121 per cent. 

The values of m, which represent the slope of the lines in Figs. 3 
to 9, are low (beneficial) for the low temperatures; this indicates 
that the line is more nearly horizontal. The values of n are 
high for the high temperatures and represent lines of greater 
slope. This indicates that cooling causes a beneficial change in 
slope of the line from 0.155 for the steep slope of dry cutting and 
high oil temperatures to the shallow slope 1.2 for the lines for the 
low-temperature oils. The important significance of the low 
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(High-speed steel tool bits #/s in. square were used, ground to a shape of 
8-14-6-6-6-15-2/61; depth of cut was 0.10 in. and feed was 0.0125 in. The 
dots and the light dashed lines represent points of preliminary failure.) 


values of n is that the lines for different oil temperatures diverge 
from some common point at the left of the figure and become 
more widely spaced for the longer values of tool life. There- 
fore, for commercial cutting speeds such as Vaso (the cutting 
speed for an 8-hr tool life) the differences in cutting speeds would 
become much greater and be in favor of the lower cutting-fluid 
temperatures. 


CutTtriInc-SPEED Toou-Lire Tests Wirn EMULSION 


'A second series of tests was carried out to observe the in- 
fluence of an emulsion at each of the several temperatures, when 
applied to a turning tool under the same conditions as those 
listed for the oil. The temperatures used were 40, 55, 70, 85, 
100, 115, 130, and 150 F. The emulsion consisted of a commer- 
cial soluble oil mixed with 20 parts, by volume, of distilled water. 

The experimental data, representing the various tests for the 
emulsion at 40 F, are shown plotted as circles on log-log paper 
in Fig. 13. These seven points indicate quite definitely a straight 
line. Similar lines for the emulsion at other temperatures are 
shown in Figs. 14 to 20, inclusive, in which the relationship be- 
tween each line and its experimental data are shown. These 
lines on log-log paper are then grouped in Fig. 21, so their posi- 
tion with respect to each other may be more clearly observed. 
The vertical scale of Fig. 21 is logarithmic but elongated to equal 
5 times that of the horizontal scale to emphasize the vertical 
displacements. : 

In Fig. 21 the line for dry cutting is shown to be the lowest 
and steepest. Its slope n is 0.155, V; is 142 fpm, Vip is 99 fpm, 
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(High-speed steel tool bits of a shape 8-14-6-6-6-15-3/e were used to turn 

an annealed S,A.E. 3140 steel, using a depth of cut of 0.10 in. and a feed 

of 0.0125 in. The enclosed table gives the characteristics of each line for 

comparative purposes. The vertical scale of the log-log graph is 5 times 
that of the horizontal.) 
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and 7:5 is 3.99 min. Corresponding values for the emulsion at 
each of the eight different temperatures are also given in the 
table of Fig. 21. The lowest line when an emulsion is used is 
for the emulsion at 150 F. The highest line is for the emulsion 
at the lowest temperature of 55 F, while the three next highest 
lines in order are for 70, 85, and 115 F, resnectively. 


BOSTON, GILBERT, McKEE—INFLUENCE OF APPLYING CUTTING FLUIDS 


The line for the 40-deg temperature is highest for all cutting 
speeds above 150 fpm, but due to its steeper slope, it does not 
perform so well at lower speeds. At this low temperature the 
material cut was thoroughly chilled and this may have made it 
more difficult to machine. The lines for the higher tempera- 
tures are shown to have the greatest slope, while the lines for 
the 55 and 70 F temperatures have the lowest slope. Low 
values of slope accompanied by high vertical placement on the 
chart represent the most favorable metal-cutting conditions. 

Values of 7435 (tool life for a speed of 135 fpm) for the emulsion 
are shown plotted as circles in Fig. 22. The smooth solid line 
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represents a mean average. The short dashed line at the right 
simply connects the solid line with the value of 7135 for dry cut- 
ting. The circles for the temperatures of 70 and 100 F are 
) shown to lie below the solid line and similarly the point for the 
55 F temperature appears to be high, but the curve was drawn 
through the mean values. The long dashed curve represents 
corresponding values for the oil, as brought forward from Fig. 11, 
for the sake of comparison. These two curves clearly show that 
the cooling effect of the emulsion is greater than that for the oil, 
for all temperatures above 85 F. From these average curves, it 
appears that the oil is superior to the emulsion for temperatures 
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between 60 and 85 F. For temperatures below 60 F, the emul- 
sion is superior because of the extremely high viscosity of the oil 
at these low temperatures. 

Values of n (slope) are shown plotted as circles for the emul- 
sion in Fig. 23. The values of slope for the lines for the tem- 
peratures of 85 and 100 F seem excessively high, while that for 
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the 115-deg line is low, with respect to the solid line which ia 
drawn to represent an average. It is not clear why the value of 
n for the 40-deg temperature line is so high, as the experimental 
data of Fig. 13 seem to indicate favorably the line shown there. 
The light dashed line in Fig. 23 again shows the values of n for 
the oil, as brought forward from Fig. 11 for comparison. The 
general trends are similar, but the emulsion has in general lower 
values of slope. 

Values of V3, the cutting speed for a 3-min tool life, for the 
several temperatures are shown in Fig. 24 as a heavy solid line, 


222 | 
which indicates that the lowest temperatures give the highest 
cutting speeds. Again the light dashed line represents corre- 
sponding values of V; for the oil, as brought forward from Fig. 12, 
for comparison. In the temperature range of 60 to 95 F, the 
cutting speeds V; are higher for the oil than for the emulsion. 

Values of V30, the cutting speeds for 30-min tool life, for each of 
the temperatures of the emulsion are shown in Fig. 25. The 
corresponding line for the oil, as brought forward from Fig. 12, 
is shown for comparison. Because the emulsion gives lower 
values of slope in general] than the oil, values of Vo for the emul- 
sion are higher at all temperatures than for those of the oil. It 
is clear, however, that the values of V3o for the emulsion and oil 
are nearly equal for the temperature range of 70 to 80 F. 

The curves representing 7435, 7, V3, and V30, as shown for the 
emulsion in Figs. 22 to 25, inclusive, are summarized in Fig. 26, 
for better comparison. The fact that the V; and Vzo lines are 
not similar in shape results from the irregularity of the slopes of 
the lines. 

Heat Coutor oF Cuips 


The first chip coming from the tool point in the tests on the 
emulsion at each of the various temperatures gives an indication 
of the effect of temperature control of the emulsion in relation to 
heat transfer at the cutting edge of the single-point tool. During 
the tests using the emulsion, observations were made as shown in 
Table 1. 

TEMPERATURE OF THE CHIP DURING TESTS 
WITH EMULSION 
Approximate temperature 


TABLE 1 


Temperature of Oxide color of 


emulsion, chip of the chip, F 
40 Natural 400 or below 
55 Light straw 440 
70 Medium straw 460 
85 Dark straw 490 
100 Purple 540 
115 Purple 540 
130 Blue 580 
150 Blue 580 
Dry Blue 580 


The data of Table 1 indicate that emulsions kept at the lower 
temperatures give more cooling effect on the chip, and those at 
the higher temperatures allow more heat at the tool point, thus 
causing shorter tool life and more tool grinds per piece. 


CONCLUSIONS 


The following conclusions may be drawn from the tests as de- 
scribed: 

1 For the sulphochlorinated mineral oil, the tool life in minutes 
for a 135-fpm cutting speed 7;; is maximum when the oil is 
maintained at the temperature of 75 F. Apparently the 
relationship between viscosity and temperature is most effective 
then. The maximum value of 7135 at 75 F is 11.2 min (100 per 
cent), at 55 F it is 7.8 min (70 per cent), and at 150 F, it is 4.5 
min (40 per cent). Dry cutting gives a value of 4 min (35.7 
per cent). 

2 For the emulsion the maximum value of 7135 for 60 F is 
10.5 min (100 per cent), for 40 F it is 9.8 min (93 per cent), for 
150 F it is 6.8 min (64.7 per cent), and for dry cutting it is 4 
min (88 per cent). 

3 For the oil (the cutting speed for a 30-min tool life) V5o 
for the 75 F is 120 fpm (100 per cent), for the 55 F is 114 fpm 
(95 per cent), for the 150 F is 101.5 fpm (84.7 per cent), and for 
dry cutting it is 99.0 fpm (82.5 per cent). 

4 For the emulsion, V3. for the 75 F is 120.6 fpm (100 per 
cent), for 40 F is 117 fpm (97 per cent), for 150 F is 110 fpm 
(91.4 per cent), and for dry cutting it is 99 fpm (82 per cent). 

5 For the oil, the slope of the cutting-speed tool-life lines 
is low (0.12) for the low range of temperatures and high (steep) 
(0.155) for the high range and dry cutting. 
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6 For the emulsions, the slope is low (0.104 to 0.115) for the 
temperature range of 55 to 130 F, inclusive, but high for other 
temperatures, as 0.125 for 40 F, 0.135 for 150, and 0.155 for dry 
cutting. 

7 It appears that the high viscosity of the oil at the tem- 
peratures below 70 F is detrimental and that cooling is impaired. 
At the high temperatures, the viscosity of the oil is low but its 
ability to carry heat away is reduced. The cutting speed for a 
30-min tool life at the high temperatures of the oil is only about 
2.2 per cent above that for dry cutting. The increase in cutting 
speed because of the cooling of the oil is about 18 per cent for 
cooling the emulsion 10 per cent. 

8 The most effective operating temperature of the oil is 
from 70 to 75 F, whereas the emulsion was most effective at a 
temperature of 55 to 70 F. 

9 In general, the slope of the cutting-speed tool-life lines 
for the emulsions is below those for the oil at corresponding 
temperatures. 
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Discussion 


W. A. ALEXANDROFF! AND Z. LETELLIER.® The writers believe 
that the temperature of a cutting fluid plays an important part 
not only on the tool life but on the finish as well. It is felt that 
the authors of this paper have done a good job on a very impor- 
tant phase of metal turning as the writers have always observed a 
difference in tool life for different temperatures of cutting fluid. 

The tool life is different on a machine that has stood idle for 
some time, thus allowing the cutting fluid to cool, than it is 
after the machine has been run long enough to heat up the fluid. 
Owing to the fact that no cooling apparatus is provided for 
cutting fluids on commercial machines, it often results that a 
higher-viscosity oil is used than would otherwise be necessary. 
This is done because at the higher temperatures, the heavier oil 
is about the correct viscosity, its flash is generally higher, and 
by its use smoking is avoided. However, at the elevated tem- 
peratures, the oil cannot carry away the heat as it should. On 
the other hand, when this heavy oil is cooled, as when the ma- 
chine has been standing idle, its viscosity is entirely too high, and 
again the heat is not properly removed. Therefore, it appears 
that the body of the oil with respect to temperature or its viscosity 
index, as commonly called, becomes an important factor. 

The oil used for the test in this paper has a viscosity of 85 
sec at 130 F, and 530 sec at 55 F. Thus for a temperature 
change of 75 F, the oil changed viscosity by 445 sec. Such 
a rapid thickening of the oil as it is cooled would quickly offset 
the cooling effect due to the lower temperature, by the inability 
of the oil to scrub the surface and properly remove the heat. 

The paper indicates that the best temperature for an oil coolant 
is 70 to 75 F, and for the emulsion type of coolant is between 55 
and 70 F. 

We believe that much better results would be obtained on the 
oil at the temperature between 55 and 70 F (thesameas the emul- 
sion), provided a change is made in the oil to one of a lighter body 
and one that does not thicken so much when cooled, i.e., an oil 
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with high viscosity index. By using an oil with higher viscosity 
index, its body in the temperature range of 55 to 70 F would 
then be about the same as the body of the oil used at 70 to 75 F. 

This change would allow, in the lower temperature range, a 
more satisfactory viscosity plus the added advantage of greater 
cooling as a result of the lower temperature of the oil. 

It would have been interesting had the authors noted the 
shape and size of the chips formed at the various test tempera- 
tures, as this might have thrown light on the theory sometimes 
advanced that the functions of a cutting fluid are not only that of 
carrying away the heat from the work and its lubricating value, 
but also its chilling action on the upper surface of the chip which 
causes it to shrink and form short curling chips. 

The authors’ observation of the color and temperature of the 
chips and their relation to tool life when using a water emulsion 
is interesting. The writers have recently encountered a case 
that seems to substantiate their findings. When turning an 
S.A.E. 1025 steel forging 31/2in. long and 2!/, in. diam on a Cabo- 
lite single-spindle lathe with a Vascoloy steel tool, it was observed 
that the tool life did not conform with other machines performing 
the same operation, and that the chips were much darker in 

color. On investigating it was found that the temperature of 
the water emulsion used was much higher than the emulsion 
on the other machines. Further investigation showed that the 
operator had allowed the volume of the solution in the reservoir 
to drop toaminimum. When the volume of the solution was re- 
stored, the temperature of the solution dropped considerably, 
tool life returned to normal, and the color of the chips became 
noticeably lighter. It is unfortunate that the circumstances at 
the time did not allow for more detailed information. 

The effect of the temperature of a cutting fluid on various 
machining operations on steel has undoubtedly come to the at- 
tention of many investigators. An interesting case of this 
nature has recently been brought to the writers’ attention. 
While it does not deal with the turning of steel, it does bring out 
the points the authors of this paper wish to convey, i.e., that the 
temperature of the cutting fluid has a bearing on tool life. The 
case deals with the drilling of a blind 0.72-in. hole 12.56 in. deep 
in a 1,8-in-diam AMS 62-53 stainless-steel forging on a special 
Davis-Thompson horizontal drilling machine. A Carboloy- 
tipped gun drill with a !/i.-in. oil hole was used, traveling at 
600 rpm. Numerous cutting oils were tried, tolerances could 
not be held, and tool life was very poor. Water emulsions were 
also tried with no appreciable improvement. The oil tempera- 
ture rose to 110 F during the operation. It was therefore de- 
cided to investigate the effects of the temperature of the cutting 
fluid on the operation. A 200-gal coiled tank and pump were 
installed and city water was passed through the coils, the tem- 
perature of the oil being controlled by the flow of the water 
through the coils. The oil was pumped through the drill under a 
pressure of 325 psi. Beneficial results were immediately ob- 
tained. Tests were taken at several temperatures from 110 F to 
70 F, and best results were obtained in the 70 to 80 F range. The 
oil is now maintained at 72 F, and expected tool life and tolerances 
are obtained with a conventional-type cutting oil. 

The writers question the supposition that the low-tool-life re- 
sults obtained with the water emulsion at the 40 F test tempera- 
ture could be caused by the chilled condition of the test piece, 
because it is not believed that the hardness of the metal would be 
increased to any degree with such a small drop in temperature. 
In order to verify this, the hardness of a disk of S.A.E. 3140 steel 
3 in. diam 1/, in. thick was determined at several steel tempera- 
tures with the following results: 


At 75 F, Brinell hardness = 217 
At 55 F, Brinell hardness = 217 
At 40 F, Brinell hardness = 217 
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It is agreed that hardness is not the sole criterion of the ma- 
chinability of a steel, but under the excellent controlled conditions 
used by the authors of this paper in their tests, it is felt that, in 
this case, the hardness does indicate the machinability, and 
therefore the writers do not believe that the poor results ob- 
tained on the 40 F test can be attributed to the effects of the tem- 
perature on the machinability of the test piece. 


JosepH GESCHELIN.6 The department of metal processing, 
University of Michigan, is noted for its contributions to the art 
of metal cutting, and its work, in combination with others doing 
fundamental research in this field, should go far to mold the ad- 
vanced practice in metal cutting and in the utilization of cut- 
ting fluids. 

It is to be regretted that industry in general has not appre- 
ciated the vital role of the cutting fluid in metal cutting. Much 
progress has been made in that direction, some of it possibly due to 
the influence of the committee with which many of us are asso- 
ciated. Unquestionably the work done by the authors will have a 
great deal to do with improved methods and more economical 
metal removal. 

The present paper is extremely valuable. It focuses attention 
uponan important phase of metal cutting, namely, the refrigeration 
of the cutting fluid as an aid to better metal removal and longer 
toollife. During the war, some manufacturers have adopted this 
practice. However, the subject is not widely understood nor 
appreciated, and it is hoped that this paper and other work along 
the same line in the future will result in better understanding of 
the principle and its practical applications. 


F. W. Lucur.? It would be interesting to know what kind of 
results the authors would have obtained if they had substituted 
a suitable steel-cutting grade of cemented carbide for the 18-4-1 
high-speed steel and operated the lathe at cutting speeds rang- 
ing between 200 and 400 surface fpm. It might have been 
necessary also to use slightly different rake angles on the tool. 
It might have been necessary to check the size of the motor in 
their machine because their feed of 0.0125 in. when operating at 
increased revolutions might have placed an added burden on it. 
This results from the fact that the rate of metal removal would 
have been doubled or tripled. The carbide industry does not 
have any tangible data similar to that which the authors have 
compiled, and would welcome it. Have the authors done any 
such work with cemented carbides? 

All indications to date, as a result of plenty of experience, are 
that the longest tool life would have resulted from the runs men- 
tioned, when cutting dry, because it is questionable if at a cutting 
speed of 200 fpm and greater the coolant would have reached the 
point of the tool. The main reason for this is that the chip would 
have developed at such a high rate of speed that the coolant would 
never have been permitted to reach the immediate surface being 
cut, unless the velocity of the coolant was great enough and was 
directed at the tool point underneath the curling chip. 

Our experience indicates that pure water with only enough 
soluble oil added to it to prevent the rusting of the machine parts 
serves as one of the finest coolants when turning steel with car- 
bides. Many times we are forced to use such a coolant to main- 
tain work tolerance when much better tool life might be obtained 
cutting dry. The main hazard when using a coolant is to keep 
the tool sufficiently cool at all times so that the tool will not be 
chilled too quickly when it comes out of the cut. 

We are sorry to say that cutting oils, as developed to date, 


6 Chairman, Independent Research Committee on Cutting Fluids; 
Detroit Editor, Chilton Publications, Detroit, Mich. 
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Mem. A.S.M.E. 
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have never seemed to contribute much to the life of carbide tools 
when operating at the more efficient higher carbide cutting speeds. 
It is difficult to keep the flow of the oil on the work and within 
the confines of the machine when operating at these high cutting 
speeds. It also makes what might be termed a messy job. 

We have also found that, even though there is a sufficient vol- 
ume of oil to flood the entire cut in the vicinity of the tool, the 
moment the chips emerge from the oil stream and drop into the 
chip pan they create a new problem, A dense cloud of objection- 
able vapor rises from the pile of chips and many operators do not 
care to work anywhere near it. 

We are glad to say that cutting oils are used successfully with 
cemented-carbide-tipped gun drills. In this particular applica- 
tion, an ample volume of oil is used which cools the chips within 
a confined space before they contact the air. 

Any kind of a cutting fluid would be welcome which could be 
used with cemented carbides for turning steel at the lower cut- 
ting speeds, and reduce or even eliminate the built-up edge which 
is so troublesome at these lower speeds. 


W. H. Oupacre. Once again Dr. Boston and his associates 
have brought us a well-documented well-organized report on a 
specific research in metal cutting. This report will be very valu- 
able if properly understood and clearly correlated with the com- 
plete metal-cutting picture, but much harm is almost certain to 
result from poor correlation and misunderstanding. 

Too often consideration of metal-cutting problems suffers 
from attempts at oversimplification. Crowding the many 
complexities and perplexities of the behavior of metals, the 
mechanisms of lubrication, the relationships of tool and work 
materials, and the chemical effects of cutting fluids into the mold 
of our limited understanding, we toil busily, recapturing the spill 
but making poor progress toward comprehensive clarification. 

The effects of temperature change are universal. Therefore, 
in appraising the results of this investigation and applying them 
to everyday metal cutting, generalizations must be carefully 
avoided. 

In any particular case, what is the effect of temperature on the 
material of the tool and the workpiece? Most materials become 
stiffer on cooling. With some this improves machinability, with 
othersit does not. The viscosity of oils changes greatly with tem- 
perature; this in turn affects velocity of flow and heat-transfer 
characteristics. Undoubtedly, chemical activity plays an im- 
portant part in the functioning of sulphurized, chlorinated, and 
other special oils frequently used in metal cutting. Chemical 
activity is accelerated at higher temperatures. Whether greater 
or less activity is desirable depends upon specific conditions. 

Equilibria in multiphase emulsions and soap-oil systems 
fluctuate with temperature, and performance is thereby affected 
but just how is not apparent. 

Undoubtedly, temperature regulation will play an important 
part in tomorrow’s machining processes but there is little basis 
for the assumption that cooling alone will be a panacea. 


AuTHoRsS’ CLOSURE 


The authors are pleased with the amount of interest that the 
subject matter of this paper has aroused. While the scope of 
the paper was limited, it obviously has pointed directly to the 
primary value of cooling the tool in order to increase tool life. 
These results have been confirmed in a number of letters re- 
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ceived from manufacturing plants. As Messrs. Alexandroff 
and LeTellier have pointed out in their discussion, the applica- 
tion of cutting oils at lower temperature is more advantageous 
providing the viscosity is not increased, disadvantageously. 
It is doubtful, however, if it would be commercially practical to 
operate oils at temperatures below that of 70 deg or so because 
of the possible influence on the composition of the oils as brought 
out by Mr. Oldacre in his discussion and because of the chilling 
effect on the tools. 

The authors did observe, not only in these tests but in others, 
that chips coming from the tool at high speeds and with inade- 
quate cooling are blue, whereas either a drop in speed or better 
cooling will cause the chips to be removed at lower temperatures 
and retain the steel-like color. These and similar results have 
been reported previously in other papers. 

It has been found that simply by chilling the steel test log the 
tool life has been increased. For example, in one test conducted 
several years ago, a 6-in-diam X 24-in-long test log of annealed 
3140 steel when turned under standard conditions with a high- 
speed steel tool bit gave the equation V7"-°645 = 125 when the 
test log was heated to 200 F and cutting was done dry; V7-%* 
= 140 when the test log was at a temperature of 65 F when cutting 
dry, and V7°-103 = 149 when the test loz was chilled for 24 hours 
at 0 F. This means that the slope (tangent) of the cutting-speed 
(V) tool-life (T) line for the test log at 200 F was 0.0645 and the 
cutting speed for a 1-minute tool life was 125 fpm. For the 
test log at 65 F the slope was 0.0856 and the cutting speed for a 
1-minute tool life was 140 fpm. For the test log chilled to 0 F, 
the slope was 0.103 and the cutting speed for a 1-minute tool life 
was 149 fpm. When cutting the same log at room temperature, 
cooling the tool with an emulsion, the slope of the line was 0.107 
and the cutting speed for a 1-minute tool life was 157 fpm. Fora 
30-minute tool life, cutting speeds would be 100.3, 104.5, 105, 
and 109, respectively. It is therefore seen that by chilling the 
log even to 0 F, the tool life is not as long as when using an 
ordinary emulsion as a cooler. The statement in the paper to the 
effect that the steel is harder at lower temperatures is obviously 
incorrect. 

Mr. Lucht has raised the question of value of a coolant on 
carbide tools when turning. He then proceeds to answer the 
question, stating that cutting fluids do not seem to contribute 
much to the life of carbide tools, that the cutting fluids become 
messy by splashing and vaporizing at these high speeds, and that 
there is danger of cracking the tipped tools of carbide through the 
possible sudden changes in temperature caused by intermittent 
cooling. The authors agree with these conditions in general 
but have no further information to offer on the subject. Mr. 
Lucht further states that any cutting fluid which would tend to 
reduce or eliminate the built-up edge in the lower range of cutting 
speeds would be welcome. Probably one of the chief virtues of 
carbide tools is that they can withstand high cutting speeds, and 
high cutting speeds in themselves are believed by the authors 
to be the principal medium of reducing the size of the built-up 
edge. Even at the normal cutting speeds associated with high- 
speed steel cutting tools, it is evident that the built-up edge is 
better when the tools are operated at the higher speeds. 

Mr. Oldacre raises the question as to the chemical stability of 
the oils when operated at temperatures above or below normal 
operating temperatures. This is, of course, a problem constantly 
being met but on which little constructive data are available at 
the present time. Undoubtedly this subject alone would profit 
by further research, 
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A Thermal-Balance Method and Mechanical 


Investigation for Evaluating Machinability 


By A. O. SCHMIDT,! W. W. GILBERT,? anp O, W. BOSTON? 


The first section of this paper reports on the results of an 
investigation of a calorimetric process for the determina- 
tion of drilling forces. Tests were run on a drill press 
which was provided with a dynamometer for registering 
torque and thrust. The calorimetric setup was mounted 
on the accurately calibrated dynamometer, The tempera- 
ture rise of 50 cc of water which surrounded the tool and 
test bar during the cutting operation was determined. 
Horsepower was computed from the torque and thrust 
registered on the dynamometer and was found to agree 
substantially with the power determined from the tem- 
perature changes in the calorimeter due to cutting. The 
results of another series of tests run on a different machine 
using calorimetric apparatus of slightly changed design are 
also given. The second section of this paper gives a descrip- 
tion of the machine used and the tests made prior to the 
investigation with the calorimetric apparatus. In these 
experiments a tubular test bar was cut by a tool mounted 
in a special holder in a drill press spindle. The feeding of 
the tool was effected by a weight. Because of chip inter- 
ference during the cutting of magnesium alloys, these 
penetration tests were discontinued in favor of the calori- 
metric tests. 


Discussion oF PREVIOUS INVESTIGATIONS 


HE problem of the machinability of metals and other 

engineering materials is encountered daily in every ma- 

chine shop. Since this problem varies with each material, 
cutter, and machine tool, and also with many other factors, nu- 
merous investigations have been conducted. Even if each of 
them gave the answer to a particular question, so far it has not 
been possible to sum them up in a ‘‘comprehensive philosophy 
of metal cutting.’ This statement was made by O. W. Boston 
(1)4 in a discussion of the results of his own work and those of 
other research workers in the field of metal cutting. He lists 
nine methods used in the investigation of machinability, of which 
the determination of tool life, power consumption, and surface 
finish are now recognized as the most representative machina- 
bility tests. 

Since it is necessary to have a considerable amount of experi- 
ence and also special equipment in order to conduct and evalu- 
ate these tests, other and simpler methods have been devised in 
an attempt to gain an easier and more rapid method of finding 
the relative machinability of various materials. 


1 Research Engineer in Charge of Metal Cutting Research, Kear- 
ney & Trecker Corporation, Milwaukee, Wis. Mem. A.S.M.E. 

2 Associate Professor of Metal Processing, University of Michigan, 
Ann Arbor, Mich. Mem. A.S.M.E. 

3 Professor of Metal Processing, Chairman of Department, Univer- 
sity of Michigan, Ann Arbor, Mich. Mem. A.S.M.E. 

4 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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and Metal Cutting Data and Bibliography and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of Tux 
Ameprican Socrery oF MecHANICAL ENGINEERS. 

Norn: Statements and opinions advanced in papers are to be 
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of the Society. 


The penetration test on the drill press, in which a standard- 
ized drill works under a constant load and speed for a definite 
time, was used by Boston (2) and Kessner (3). This method 
assumes that the drill makes a hole with a depth proportional 
to the machining properties of the metal tested. Because there 
exists a great deal of friction on the margin and chisel-edge point 
of the drill, the penetration tests have not been found reliable. 
The same can be said of the sawing test, mentioned by A. S. 
Kenneford (4), in which the time required to saw a test bar with 
a power hacksaw is measured. Here, again, the high amount of 
friction developed at the hacksaw blade is a varying factor, and 
therefore the cutting time does not give a true measure of 
machinability. Boston (5) measured the effect of cutting fluids 
on the performance of a hacksaw and found large variations in 
the time required to cut off 11/2-in-square sections of eight 
different metals when applying various cutting fluids. 

Hardness tests, for which definite relationships to other physi- 
cal properties are established, Boston (2) found to be remote and 
also misleading as a measure of machinability, when he tested 
18 ferrous and 21 nonferrous metals. Changes in the structure 
of the metal are caused by the tool pressure. E. G. Herbert (6) 
investigated this problem and found that metals are work- 
hardened ahead of the cutting edge. This hardness of the test 
log is affected by (a) ductility or brittleness, and (6) its capacity 
for work-hardening. Sorenson and Gates (7) collected machining 
data on more than 100 different S.A.E. steels and established 
machinability ratings on the basis of volume of material removed 
inagiventime. It was found that to some extent decreasing hard- 
ness and tensile values gives an increase in machinability, but 
there are also wide divergencies. 

Several investigations with the purpose of measuring the tem- 
perature during the metal-cutting operation have been carried 
out. Boston and Gilbert (8) conducted tests to determine the 
cutting temperatures developed by single-point turning tools, 
They used the tool-work thermocouple method in which the 
cutting tool and the test log acted as the two elements of the 
thermocouple. In their tests they measured a maximum tem- 
perature of approximately 980 F for certain conditions, but came 
to the conclusion that the temperatures as measured with the 
tool-work thermocouple may be affected by changed electrical 
properties of the metal in the test log, which is compressed and 
deformed by the tool point. E. G. Herbert (9) in England also 
used this method, and K. Gottwein (10) in Germany used it 
while investigating the relation of tool temperature to chip cross 
section in turning. 

Friedrich Schwerd (11) questioned which part of the tool gains 
the maximum temperature and developed an optical arrange- 
ment which directs the heat rays from a point on the chip to a 
highly sensitive thermoelement. Boston and Gilbert (8) think 
that it is doubtful whether the maximum or even proportional 
temperatures could be obtained by Schwerd because his setup 
allows the measurement of the temperature distribution on the 
surface only. They found that the temperature of the tool is 
also dependent upon the built-up edge. This built-up edge is 
formed on the tool by compressed layers of ductile materials 
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and is influenced by numerous factors which are discussed by 
Hans Ernst (12). 

Although these various investigations were conducted to de- 
termine cutting temperatures, only a part of the temperature 
was recorded in each case and a large amount of the heat was not 
measured. During each cutting operation, heat is lost by the 
conduction of the tool, toolholder, and workpiece, as well as by 
radiation and convection. 

A test which was carried out to determine the amount of heat 
generated during a metal-cutting operation was reported by 
Count Rumford (13) to the Royal Society on January 25, 1798. 
With a blunt boring tool he machined a brass cannon barrel 
submerged in a box filled with water, Fig. 1. The experiment 
was conducted as an inquiry concerning the source of heat, and 
it constitutes the first recorded research to measure the heat gen- 
erated by friction during the cutting operation of a machine tool. 

Joule (14) made several investigations of the mechanical 
equivalent of heat. In one of these, he used beveled cast-iron 
wheels pressed against one another while revolving under water 
and observed the increase in temperature. A similar arrange- 
ment was employed by Favre (15) who used a copper disk rotat- 
ing in a partitioned ring which steel springs forced to contract. 
In this case, the friction was used to heat a mercury calorimeter. 
Hirn (16) performed a number of experiments on the friction and 
deformation of metals for the determination of the mechanical 
equivalent of heat. He also measured the heat generated while 
boring metal but did not give any description of the equipment. 


CANNON 
BARREL 


WATER 


WOODEN 
BOX 


BORING 
TOOL 


Fig. 1 CaLorimetric Test Serup as Usep AND ILLUSTRATED BY 
Count Rumrorp 


On left-hand side is an iron bar to the end of which a blunt boring tool is 
xed which is forced against bottom of borein cannon. Tool and workpiece 
are submerged in a wooden box filled with water.) 


Brackenbury and Meyer (17) conducted a few calorimetric 
tests to determine the heat in the chips and in the test bar. A 
lathe was used and the chips were collected in a pan filled with 
water. The temperature rise of this water and the temperature 
rise in another quantity of water into which the test bar was 
dropped at the end of the test, were used in the computation of 
the power required to cut the test bar. Similar tests were con- 
ducted by Friedrich (18) who stated that the temperature of the 
chips increases with the cutting speed when the cross section of 
the chips remains the same. 

Sawwin (19) arranged a calorimeter and dynamometer on a 
lathe. He used a two-lip cutter similar to a milling cutter to 
cut a tubular test bar. Although, with this setup, he tested 
mainly the cooling and lubricating effect of cutting oils and 
emulsions, he had found in earlier experiments that the work 
expended in metal cutting was transformed into heat. 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1945 


CALORIMETRIC PROCESS APPLIED TO DETERMINA- 
TION OF TOOL FORCES 


In the reported tests water is employed as a means of measur- 
ing the quantity of heat generated by a combination of friction 
and deformation during the cutting operation. To measure the 
quantity of heat thus generated, the tool and workpiece are 
submerged during the cutting operation in a specified quantity of 
distilled water. The temperature of the water at the beginning 
and end of the cutting operation is read by a thermometer. 
Rate of cooling is observed and used for the determination of the 
temperature which would have been attained at the end of 
the cutting operation if no radiation, conduction, and convection 
had taken place. When work is transformed into heat, or heat 
into work, a quantity of work is the mechanical equivalent of a 
quantity of heat. Thus by observing the temperature changes 
of the water surrounding the tool and workpiece during the 
cutting operation, it is possible to study the power requirement 
for the cutting of different materials and the effect of tools upon 
the power consumption by changes in tool design. 

The test specimen and the cutting tool are arranged in a con- 
tainer so that both will be*covered by water. Therefore, to 
obtain a correct computation of horsepower, the water equiva- 
lent of the container, test specimen, and all the other parts 
which are immersed in water must be considered with the water 
in the container. The time of cutting is constant; it can be 
chosen to suit the particular test and made short enough to 
eliminate noticeable heating through agitation of the water. 
To minimize the influence of the surrounding temperature, the 
water and all parts of the equipment should be at room tempera- 
ture at the beginning of the experiment. All the necessary 
values are therefore available for the determination of the 
horsepower required in the cutting of metals or other materials 
from the heat generated in the cutting operation. 

The calorimeter can be taken as one body of weight W with a 
temperature t which has a mean specific heat c,. A change of 
temperature dt of this body brings about a change dQ of the heat 
in the body 


dQ = Wendt 


The quantity of heat which this body absorbs when being 
heated from room temperature t to a higher temperature t, is 


Q = WS emit 


Since c,, can be considered as constant in this case and all parts 
of the calorimeter as having attained the same temperature 


Q = Wen (t, — t) 


PROCEDURE AND HQUIPMENT FOR CALORIMETRIC TESTS ON DRILL 
Press 


The calorimetric apparatus is shown in Fig. 2. Two centering 
pins protruding from the top surface of the dynamometer fit 
into holes in the finished base plate. It is thus assured that the 
test bar is always centered with the drill. The test bar has an 
outside diameter of 0.375 in. and is 1.625in. long. The pilot hole 
in the center is 0.110 in. diam and 1!/,in. deep. The thread at 
the bottom is 3/s in. N.C. and 1/2 in. long. To insure uniform 
cutting conditions, the test bars are countersunk at the top with a 
T/\-in. drill. The container is of sheet metal 0.012 in. thick and 
can be removed from the rubber gasket to permit easier mounting 
and removal of the test bar. A 5/s-in-thick felt insulation is 
wrapped tightly around the container. The drill is 7/,. in. diam 
with a helix angle of 30 deg, a point angle of 118 deg, and 12 deg 
relief angle. It is held in the universal chuck of the drill press 
on the table of which the dynamometer is mounted. 
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WATER (50 CC) 
CONTAINER 
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RUBBER 
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DYNAMOMETER FOR TORQUE 
AND _ THRUST 


Fie. 2 CALORIMETRIC APPARATUS FOR Driniing Trusts MountTEep 
on A DYNAMOMETER FOR REGISTERING TORQUE AND THRUST SIMUL- 
TANEOUSLY 


(The calorimeter is located on top of dynamometer by two centering pins. 
Test bar is threaded at lower end and screwed into a holder.) 


After the test bar is screwed into the holder, the container 
with the felt insulation is put in place and the calorimeter is set 
upon the dynamometer. With a pipette, 50 cc of distilled 
water is measured into the container. This water completely 
covers the test bar and the drill for a height of 3/, in. when the 
point of the drill touches the test bar before cutting has started. 
The thermometer is put in the container and is held in place by 
braces. Water temperature is taken before cutting begins (it 
should be about equal to the room temperature). Feed is stopped 
after 1 in. of the test bar has been cut. Water temperature is 
noted again when the maximum temperature has been reached, 
about 2 sec after the drill has stopped cutting. The drillis kept 
running in the water during this time. To effect a better stirring 
action, the drill is provided with two blades of sheet metal, 0.012 
in. thick, which are soldered to the land. The blades extend 
3/1. in. from each side of the drill. They pass the thermometer 
without interference and the water is churned but not thrown out 
of the container. The chips cut from the test bar do not sink 
to the bottom but are kept floating by the turbulence of the 
water. The thermometer used is graduated in 1-deg increments 
and is read with a reading glass. 

Nine Dowmetal alloys were used for these tests, the drill press 
spindle making 700 rpm and having a feed of 0.0025 in. per 
revolution. A number of tests were made with varying feeds 
on test bars of the same extruded Dowmetal. On another drill 
press, with»a different speed and feed, a three-jaw chuck clamped 
on the table was used to hold a test bar of the same design but 
with a length of 25/i,in., Fig. 3. A7/,e-in. drill which had blades 
soldered on for better stirring action did the cutting. 

Spindle speed was 510 rpm with a feed of 0.004 in. per revolu- 
tion. All of the different magnesium alloys were tested in this 
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Fie. 3 Catortmerric APPARATUS FOR DRILLING TESTS 


(Test bar is held in a three-jaw chuck which is mounted directly on table of 
drill press.) 


manner, and the results were in agreement with those of the 
first setup. The same agreement was found with test bars made 
of steel and brass when cut on either machine. 

A series of tests was conducted with a room temperature of 
55 F, as compared to 70 F, when the other tests were made. The 
difference in temperature in the calorimeter was the same in each 
case. 

The felt insulation was removed during a number of tests. 
As a result, the temperature difference was between 5 per cent 
and 10 per cent lower, depending upon the surrounding tem- 
perature which was changed by opening doors and windows. 


Discussion AND INTERPRETATION OF RESULTS 


The main advantage of this testing method is that it shows even 
small differences in the cutting properties of various metals and 
alloys. In order to measure the heat generated during the 
cutting operation as accurately as possible, using only 50 cc of 
water in these tests is expedient. A larger volume of water 
causes smaller temperature rises. This makes the differences in 
thermometer readings less pronounced and also necessitates the 
use of a correspondingly larger agitator. 

Readings of torque and thrust were taken simultaneously for 
each test bar as it was cut in the calorimeter. In order to obtain 
accurate readings of torque and thrust on the dynamometer, 
the drill was ground with a slight brass point. This of course 
increased the power values but resulted in cutting without vibra- 
tion and permitted true readings of the dial gages, which reg- 
istered torque and thrust with a high degree of accuracy. The 
values are given in Tables 1, 2, and 4 and are the averages of 10 
recorded tests with each metal. 

Magnesium alloys were all cut with the same drill, and the 
differences measured in temperature were within + 0.2 deg F 
for each alloy (see Table 3). Care was taken to keep the felt 
insulation dry as otherwise a marked change in temperature 


228 
TABLE 1 

oO 
° 
Oo - “ 
ie. = ° 
Ge a ee 3 
Ho S Ss 2 oO 
4A Oo ad - he 
As coma) 
om AT aes % a 
“dean take ea fe 

Materiel Cut ese tara eet Ta] § foes cena | es leapeeh or mie 

Downetal Extruded ra 00 


Dowmetal Extruded 
Downetal Extrated agate 


534 | 65-8 


Heat Treated 13.85 2631 | 95.9 
Dowmetal, Heat Treated 


sea Beals Fei al 
13085 
14.95 


Dowmetal, 


Heat Treated 


Dowmetal, Heat Treated 
and Annealed 


Free Turning Brass — 


Dowmetal, 


Low Carbon Steel 


* Spindle speed, 700 rpm; feed 0.0025 in. per revolution; 


TABLE 2 


100.0 


hoemecad No. 
Ext ruded 20034 42 12.40 
Dowmetal No. 2 

Extruded +0057 9223 

Dowmetal No. 2 

0074 


110.0 


122.0 


2 Spindle speed, 700 rpm; 


occurred. Provision was made to stop the feed of the drill in 
exactly the same place each time by putting a collar on the drill 
press spindle. At the beginning of the cut, the height of the test 
bar was checked with a vernier height gage with which the depth 
of cut was also measured. 

Since the increase in temperature when cutting steel bars is 
several times greater than that for magnesium, tests were made 
in which the length of cut was !/zin. and/or!/,in. The resulting 
temperature increase was one half or one quarter of that for a 1- 
in. length of cut, and horsepower per cubic inch per minute was 
the same in each case. 

The thermometers used had a 1-deg graduation from —40 to 
120 F and from —10 to 100 C. 
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TABLE OF TEST DATA FROM DYNAMOMETER AND CALORIMETER, FIG, 2° 
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Prior to each test, the container and drill were dried with a 
piece of cloth. Before the cutting operation was started, the 
temperature of the water was taken after it had been stirred by 
the drill in the container for 1 min. No heating effect could be 
observed in the water through the stirring action of the drill, even 
with chips in the water, after a 3-min period. To keep heat 
losses at a minimum, the time of cutting was kept at 0.57 min 
or less. 

In a previous investigation of cutting oils (20) a tw sat drill and 
test bars with a pilot hole were employed. These tests showed 
that cutting such a test bar with a twist drill eliminates the 
friction and squeezing action at the chisel-edge point and margin 
which always occur in the drilling of holes. Nine different cut- 
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ting fluids, including distilled water, had no effect on the cutting 
forces when a tubular test bar was used. It can therefore be 
stated that in the tests reported here there was no change in 

| the cutting forces due to the fact that tool and workpiece were 
surrounded by distilled water. 


SAMPLE COMPUTATION OF VALUES IN TABLE 1 


Horsepower required for cutting extruded Dowmetal I: 


2 Xx X 700 X 0.605 


‘orque — = 0.08063 
peta 33,000 


700 X 0.0025 X 83.5 
12 X 33,000 


Hprota = 0.08063 . 
0.00037 


| 0.08100 


Hprhruss = = 0.00037 


The water equivalent of the calorimeter (Fig. 2) was deter- 
mined as 16.73 g by using the following values: 


Grams 

@ontainer: (steel). Ni. ete 0 00 

Holder for test bar (Geel) ee Pere 40.00 

SGrewe(Steel) x .i2)<ifcnste eae a 8.20 

Drill, part in water (steel)......... 19.00 
—- Grams 
Alb:steel partsen . ina coterie ee -.- 97.20 X 0.1107 = 10.69 
Part of thermometer in water.... 4.20 X 0.200 = 0.84 
Rubberigasket.« pase aectoem ne 8.63 X 0.480 = 4.14 
Dowmetal test bar.............. 4.25 KX 0.249 = 1.06 
Water equivalent = 16.73 


When cutting a test bar of steel, the water equivalent is 17.52 g. 
When cutting a test bar of brass, the water equivalent is 17.68 g. 


Horsepower from heat: 


Water equivalent of container, etc............... 16.73 g 
Wailer: seis hoa a: ee ROS 0 eto creer bbaicley =m - 50.00 g 
66.73 g 
66.73 
———— Oulaiiel 
453.6 ‘ 
Temperature difference = 13.00 deg F 
1 x 400 
Time of cutting = ee = 0.5714 min 


0.1471 X 13.00 


1.9123 
0.5714 


33,000 ft-lb per min 
778.76 ft-lb per Btu 


= 1.9123 Btu per 0.5714 min 


= 3.3467 Btu per min 


= 42.44 Btu per min 


1 hp = 42.44 Btu per min 
3.3467 
Ht f heat = ——— = 0.07 
orsepower from hea 42,44 0.079 


The rate of fall of temperature of the calorimeter is 0.1 deg F 
per min at a temperature of 83.60 F, which is almost the maximum 
reached at the end of cutting. No correction for conduction, 
radiation, and convection has therefore been made, as heat 


° For specific heat compare Marks’ ‘“‘Mechanical Engineers’ Hand- 
book,” p. 300, Table 9; and Kent’s ‘““Mechanical Engineers’ Hand- 
book” II, Power, pp. 3-20, Table 6. 
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TABLE 3 TYPICAL TEMPERATURE READINGS AS TAKEN IN 
TESTS FOR EXTRUDED pee FROM CALORIMETER, 


Temperature at Temperature 
End of ee tias verte igi 


Temperature at 
Begin, ee Cutting 


* Maximum temperature difference = 7.2 deg F 
Minimum temperature difference = 6.8 deg F ‘ 
Average temperature difference used for computation = 7 deg F 


losses amount to less than 0.4 per cent. The time of cutting is 
only 0.57 min, and the sum of all uncertainties including those 
of the dynamometer is not more than 3 per cent. 


Cubie inches of metal cut per minute = area X feed per 


revolution X rpm 
ey (0.3752 — 0.110?) 7 
a 4 


0.0025 x 700 
= 0.1768 


Horsepower per cubic inch of metal cut per minute: 


0.079 
F heat = = 0.44 
non OES 0.1768 [2 
0.0810 
F t d thrust = = 0.458 
rom torque an rus 0.1768 5 


Ratio in per cent of 


Horsepower per cu in. per min from heat 
Horsepower per cu in. per min from torque thrust 


0.446 
0.458 oad 

It was assumed that the felt on the outside of the container 
acted as a perfect insulator and that the wood block did not be- 
come heated during the test. That the foregoing assumptions 
conform in a sufficient degree of accuracy to the action of the 
calorimeter during a cutting time from 0.193 to 0.57 min can be 
seen from the dynamometer values in Tables 1 and 2. With 
equal accuracy, it can be stated that the heat increase in 50 cc 
of water in the setup in Fig. 2 constitutes 75 per cent of the total 
heat generated during the cutting period. 

It is not always possible to use a dynamometer simultaneously 
with the calorimeter. However, a similar approximation of the 
water equivalent can be made in other cases and will suffice 
for metal-cutting operations. Differences in the cutting prop- 
erties of metals require different tool forces, and therefore gen- 
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erate different amounts of heat. The better the cutting prop- 
erties of a metal the less heat will be generated while it is being 
cut. 


SAMPLE COMPUTATION OF VALUES IN TABLE 4 


The water equivalent of the calorimeter in Fig. 3 was com- 
puted as 18.46 g when cutting magnesium. 

When cutting a steel test bar the water equivalent was 20.07 g. 

When cutting a brass test bar the water equivalent was 19.75 g. 


Water equivalent of container, etc. = 18.46 g 
Water = 50.00 g 
68.46 g 
68.46 
= 0.1506 lb 
453.6 


Temperature difference = 7.5 deg F 


1 X 250 
510 


Time of cutting = = 0.491 min 


0.1506 X 7.5 


1.130 Btu per 0.491 min 


1.130 
0.491 


2.305 Btu per min 


2.305 


42.44 
Horsepower per cubic inch of metal cut per minute 


Horsepower from heat = 0.0544 


0.0544 = 0.308 
0.1768  —— 


RECOMMENDATIONS FOR FURTHER STUDY 


More than 300 tests were conducted with the calorimeter shown 
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in Fig. 2, and 200 with that shown in Fig. 8. The most note- 
worthy feature in these tests was the ability to duplicate the re- 
sults with each magnesium alloy taken from the same rod within 
very close limits. For general testing purposes the setup as 
shown in Fig. 3 is better because it is more rigid. 

The calorimetric process can be applied to other types of 
machine tools. In most cases, the test specimen will be ar- 
ranged in a container filled with a definite quantity of distilled 
water or any other fluid whose specific heat is known. The cut- 
ting or forming tool will operate while it and the test specimen 
are covered with water, and the rise in temperature of the water, 
as brought about by the cutting or forming operation during a 
definite time period, will be measured. The correction for radia- 
tion, conduction, and convection, and for the water equivalent 
of the container, test specimen, tool, and thermometer must be 
made before computing the final power values. To minimize the 
influence of the surrounding temperature, the water and all parts 
of the equipment should be at room temperature at the beginning 
of the operation. The rise in temperature of the calorimeter 
can be used as anindicator. It will be possible to study the power 
requirements for the cutting and forming of different materials, 
and the effect of tools upon the power consumption and surface 
finish, by changes in tool design and tool material. In cases 
where there is not enough stirring effect by the movement of the 
tool or workpiece a special agitator should be provided so that 
the temperature readings represent the mean temperature of the 
water. 

An application of the calorimetric principle was made for the 
determination of tool forces in high-speed milling by A. O. 
Schmidt (21). The test bars were cut dry and only the heat in 
chips was measured. 

When using various types of cutting fluids, oils, and emulsions 
in place of distilled water to cover the tool and test specimen, 
their cooling effect as well as their influence on power con- 


TABLE 4 TABLE OF TEST DATA FROM CALORIMETER, FIG. 34 


Temp. 
Difference 
in 

Degrees F 


Material 
Gut 


Horsepower 


Com- 
position 
of Alloy 


Brinell 
Hard- 


Dowmetal Extruded 


Dowmetal Extruded 


Dowmetal Extruded 


Dowmetal Cast, Heat 
Treated & Annealed 
Dowmetal Cast 


Dowmetal Cast, Heat 
Treated & Annealed 
Free Turning Brass 
High Carbon Steel 


“ Spindle speed, 510 rpm; feed, 0.004 in. per revolution; 7/i6-in. drill. 
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sumption can be studied by measuring the difference between the 
beginning temperature and the temperature at the end of the 
cutting operation. 


CONCLUSIONS 


1 A comparison of the values of horsepower from torque and 
thrust with those from the heat generated during cutting shows 
that the calorimetric method gives results comparable to those of 
a well-calibrated dynamometer. 

2 The calorimetric setup is simpler than other methods used 
for the determination of tool forces, such as the dynamometer, 
and its sensitivity permits the accurate determination of those 
small differences which occur in various magnesium alloys in a 
short time and with a small amount of material. 

3 In the calorimetric: test, when steel test bars or other ma- 
terials requiring large cutting forces are used, the amount of metal 
cut may be one half or one quarter of that of magnesium. There 
is still a high increase in temperature, and the final result is of 
the same order. 


PENETRATION TESTS 


Before the calorimetric investigation was carried out, other 
tests were made. Their object was to find a more reliable 
method for a rapid determination of machinability than the 
drill-penetration and sawing tests. Boston (2) and Kessner (8) 


Fig.4 ARRANGEMENT OF TEST EQUIPMENT FOR PENETRATION TESTS 


had used the penetration test with the twist drill. Boston had 
found it of little value because of the difficulties encountered 
in regrinding a drill with exact angles. This difficulty was 
eliminated by using a special single-point tool which could be 
reground accurately. A tool bit was rotated in a spindle 
under a constant load, at the same time cutting a stationary 
tubular test bar. The penetration was recorded on a chart 
from which certain deductions about the machinability of the 
test-bar material with relation to the tool could be made. 

A somewhat similar tool-steel testing machine, designed by 
E. G. Herbert (22), also used a tubular test bar of standard dimen- 
sions and properties which was rotating against a stationary 
tool. It was intended to measure the durability of the tool by 
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TOOL HOLDER 
MOUNTED ON 
DRILL PRESS SPINDLE 


Fie. 5 Toon anp Test Bar av BEGINNING OF CuT IN PENETRATION 


TEst 


the amount of material removed from the standard test bar be- 
fore the tool had worn a definite amount. 

Since the new arrangement was simpler than the ones used 
before, it was thought worth while to carry out an investigation. 


PROCEDURE AND HQUIPMENT 


For these tests a bench-type, Delta drill press was used. It 
was equipped with a recording instrument consisting of a Leich 
motor making 1 rpm, mounted in a housing, and pulling ‘‘Waxon”’ 
recording paper across the face of the housing with a speed of 2 
ipm. A special toolholder for the single-point tool was designed, 
and a three-jaw chuck was mounted on the table of the drill press 
concentric with the spindle. A sprocket wheel over which ran a 
weighted chain provided the feed, Fig. 4. 

At the lower end of this spindle was mounted a toolholder 
which carried a single-point tool. In the center of the tool- 
holder was a pilot pin which rotated in the cylindrical hole of 
the test bar. The test bar was held stationary in a three-jaw 
chuck mounted rigidly upon the table of the machine and was 
centered in such a way that the pilot pin rotated in the hole 
without rubbing on the walls. The tool cut the walls, thus re- 
ducing the length of the test bar. Amount of reduction of the 
test bar was dependent upon the material, cutting speed, load 
applied, tool angle, and surface quality of the tool. A scriber 
made the same vertical movement as the spindle and registered 
a line on the recording sheet which moved horizontally at a con- 
stant speed. As long as the tool was cutting at a uniform rate, 
the scriber had a uniform motion and thus made a straight line. 
When the rate of penetration changed, the slope of the 
line made by the scriber also changed. The depth of cut was 
affected by the material used for the test bar and by the tool 
angles. These factors also entailed different slopes of the line 
made by the scriber. 

Making the tool bit wider than the wall thickness of the test 
bar permitted a simultaneous comparison of the cutting edge 
before and after cutting since a short distance on either side of 
the active cutting edge was left unaffected. To assure centering 
of the !/2-in. pilot pin in the test tube, it was reamed with a 0.500- 
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in. reamer when mounted in the three-jaw chuck before the test 
was run. 


Discussion or Tusts 


A number of tests were run with test-bars of aluminum, brass, 
and magnesium, each of which had an outside diameter of 1 in., a 
center hole of 0.500 in. diam, and a length of 5in. A Rex high- 
speed tool bit, 5/15 in. square, with a 4-deg rake angle and an 8- 
deg relief angle was used first on aluminum and then on brass. 
An 8-lb weight was used to pull the chain. Spindle speed was 
590 rpm and gave a cutting speed of 140 fpm. The angle of the 
line made with the horizontal on the chart by the scriber was 
different for these two metals because of the varying rate of pene- 
tration of the tool. 

The same arrangement was used for cutting a test bar of Dow- 
metal except for a larger rake angle (14 deg) and an increased 
relief angle (12 deg). 

When cutting magnesium, the penetration was very fast at 
the start but stopped almost completely after approximately 
1 sec because the ribbonlike magnesium chips interfered and 
packed solidly in front of the tool. This packing did not occur 
when magnesium was cut with the tool used for brass and alumi- 
num. 


CONCLUSIONS AND RECOMMENDATIONS 


There are several possibilities of error with this penetration 
test. It is questionable whether the feed is always positive, and 
some provision should be made to keep the spindle from being 
affected because of irregularities encountered by the cutting tool. 
The downward feed of the spindle must be checked carefully 
since any difference in the bearing friction affects the registered 
line on the recording paper. When the pilot pin is used in the 
tubular test bar, there is varying friction in different metals. 
This can be avoided by employing a twist drill as the test tool 
or a toolholder with two accurately ground cutting tips. The 
spindle should have a positive drive to prevent the belt from 
slipping. Disturbing chatter occurs unless the machine is sturdy 
and well mounted. 
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An Analysis of the Milling Process, 
Part Il—-Down Milling 


By M. E. MARTELLOTTI,? CINCINNATI, OHIO 


The method of milling here described as down milling 
is compared with up milling on the basis of geometric 
characteristics such as length of tooth path, radius of 
curvature, thickness of the undeformed section of the 
chip, chip formation, character of the milled surface, 
power required in cutting S.A.E. 1112 steel and cast iron, 
and intensity of vertical and horizontal components of the 
cutting force obtaining for various depths of cut. Typical 
mechanical] backlash-eliminating devices for the feeding 
mechanisms of milling machines to permit down-milling 
operations are described. Results obtained in actual 
application of down milling are given together with in- 
formation on cutter life and production. The analytical 
and factual data presented permit a comparison of the 
advantages and disadvantages inherent in both methods 
of milling. It is shown that the power required at the 
cutter not including the feed is slightly more in down 
milling than in up milling. The total power supplied to 
the machine, however, is slightly less in down milling than 
in up milling. Actual intensities of horizontal and ver- 
tical components of the forces on the cutting edge are 
given for both methods of milling. Down milling, known 
for many years but not generally used in milling opera- 
tions until recently, finds an ever-widening field of applica- 
tion. 


INTRODUCTION 


OR a number of years, up milling, also known as ‘con- 
ventional milling” and ‘‘milling against the feed,’’ has been 
used almost exclusively in milling operations, Fig. 1. In 


1“An Analysis af the Milling Process,” by M. E. Martellotti, 
Trans. A.S.M.E., vol. 63, 1941, pp. 677-700. 

2 Research Engineer, Cincinnati Milling Machine Company. 
Mem. A.S.M.E. 

Contributed by the Production Engineering Division and pre- 
sented at the Annual Meeting, Nov. 27—Dec. 1, 1944, of Tur Amrri- 
can Society or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


this method, the workpiece is fed in the direction opposite to 
that of cutter rotation. 

Another method of milling, herein described as down milling, 
Fig. 2, and variously called ‘‘climb milling” and ‘‘milling with the 
feed,” known since the early 1880’s when it enjoyed a considerable 
popularity, has not been generally used in milling operations. 
In this method, the work is fed in the direction of cutter rotation. 

In recent years, however, down milling has received a great 
deal of attention. In some instances it has provided simpli- 
fication in fixture design and in the manufacture of parts difficult 
to hold properly. It also has generally improved the quality of 
machined surfaces, increased cutter life between grinds, provided 
smoother operation of the machine and higher production. 

In millimg machines of the screw-feed type, down milling has 
been made possible by the development of adequate means for 
eliminating backlash between the lead screw and nut. If down 
milling is performed on milling machines not equipped with a 
backlash eliminator, the motion of the table will be unsteady and 
characterized by a series of jerks. Eventually this will lead to 
the building up of forces of high intensity between cutter and 
work, and damage to cutter and work with possible serious in- 
jury to the operator may result. 

A backlash eliminator alone, however, is not sufficient to secure 
positive control of the table. It is also necessary to eliminate 
play at the point where the screw is anchored to the table or 
understructure of the machine. 

Furthermore, the cutter must be keyed to the arbor and se- 
curely held thereon with a minimum of deflection, and every 
sliding member of the machine must be maintained in the closest 
sliding fit with its mating part. The machine should be kept in 
good repair, and every possible precaution should be taken in 
setting it up to insure safe operation. 

In up milling, owing ‘to the existence of separating forces 
between cutter and work opposing the motion of the table rather 
than favoring it, these requirements are desirable but not neces- 
sary to insure a satisfactory operation of the machine. 


BackKiLasH ELIMINATORS 


Elimination of backlash involves a tight engagement between 
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the screw and the nut. There are various types of 
eliminators, a few examples of which will be given. 

In order to minimize wear between nut and screw, a backlash 
eliminator should be in operation only during the working cycle 
and released during the idle movement of the table. A backlash 
eliminator having these characteristics, Fig. 3, consists of a nut 
A, movable axially but prevented from rotating by a key ex- 
tending from cylinder head D, and a fixed nut C of conventional 
design. Oil under pressure operating on one end of nut A 
provides the necessary load on the screw B and fixed nut C to 
eliminate backlash in the direction of feed. 

When the table is rapid-traversed in either direction or it is 
moved by hand, or when the machine is operated in up milling, 
a valve connects the two ends of the cylinder, eliminating the 
preload on nut C. The table then operates in the usual manner. 

_ A backlash eliminator, controlled directly by the load change 
on the machine table, is shown in Fig. 4. This backlash elimi- 
nator consists of two nuts mounted for free rotation on the lead 
screw and connected by a crown gear, for opposite hand of 
rotation. A very light preload is applied on nuts A and B by a 
spring acting on a rack engaging a pinion on the crown-gear hub. 

The frictional torque, developed by the light preload between 
the threads of the screw and the nuts, is small and no undue 
effort is required on the part of the operator when operating the 
table manually. The preload, however, can be released when 
the table is operated by hand for long periods of time. 

When the table is moved by power, the frictional torque be- 
tween the threads of screw and nut A, for example, is increased 
by the thrust required to overcome the frictional resistance op- 
posing the table motion, and nut A is rotated in the direction of 
the serew, while nut B is rotated in the opposite direction. This 
reduces the frictional torque between the threads of nut B and 
lead screw, and nut A will operate as the ordinary driving nut. 

‘In up milling, when idle-feeding and rapid-traversing the 
table, no change takes place in the position of the two nuts. In 
down milling, the load shifts from nut A to B. The resulting 
increase in frictional torque causes nut B to rotate with the 
screw, and to turn nut A in the direction which effects a tight 
engagement of both nuts with the screw, thus eliminating back- 
lash. 

The degree of tightness varies with the intensity of the cutting 
force. When the load is off, the nuts A and B readjust them- 
selves to the conditions obtaining when feeding idle. 

These types of backlash eliminators are operative in either 
direction of table movement. 


KINEMATICS OF MILLING 


Milled surfaces are generated with single- or multiple-tooth 
rotating cutters, which progressively remove from the workpiece 
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TOOTH PATH expressed in the following relation 
ek J dS ORL REED CMOS BERS IN Ie [3] 
\ 


CONDITIONS 


revolutions per minute of the cutter 


FEED. 


Fie. 5 Pato GENERATED BY A Facr-Mitt Tootu / 


a predetermined amount of material in the form of small chips. 


SAME AS IN By expressing the feed rate as a function of the feed per tooth 
DOWN MILLING F, inch (increment of feed per tooth), number of teeth 7’, and the 


iS eM in eres es eee [45 
and then combining Equations [3] and [4], the pinion radius r 
CONDITIONS 5 5 : 
SAME AS IN can be obtained from the given feed per tooth and number of teeth 
UP MILLING as follows 
By: . 
R= + (5) 
Qa 


The diversity of milling operations performed with innumerable 
types and sizes of milling cutters may be classified in the following —- MILLING_ CUTTER 


groups: SS 


(a) Peripheral Milling. The milled surface is generated in a 
plane generally parallel to the axis of cutter rotation, as for 
example in milling with a helical mill. BM SIZES 
(b) Face Milling. The milled surface is generated at right 


angles to the axis of cutter rotation as in milling with face mills. 


“‘Peripheral-milling”’ operations can be performed either in up 
milling or down milling, while in ‘‘face milling” the two methods 


are usually combined, since in general the feeding motion is 
<== 7,4 


partly with and partly against the direction of cutter rotation, 
Fig. 5. UP MILLING 


Fic. 6 Parn GENERATED BY PLAIN-MrILLInGc-Currer TooTH IN 


Para GENERATED BY A Miuvuine-Currer Toorn Urpin 


The path generated by a milling-cutter tooth in the process of 
removing metal from the workpiece is an arc of a looped trochoid! 
of the following parametric equations, Figs. 6 and 7 


+ra + Rsina 7 
(1 — cos a) sree enero eran sl eaeer eu {1] 


which by eliminating the parameter a can be reduced to the 


x 
y 


Cartesian form 


Sa Wg Siri hee Cees Wie (2] 


ve = 7 cos 


The plus and minus signs apply to up milling and down milling, 
respectively. In face milling, y is the width of cut. TOOTHMARKS 
For any given condition, the tooth path can be reproduced by 


ity eo) 
an arrangement similar to that shown in Figs. 6 and 7, by rotating —witep surFace d 
the cutter in the direction of the arrow M. The pinion Q (at- tex 
tached to the cutter) rolls on the rack Z, and the cutting edge of WORK 
the tooth (2) describes path AN’, Fig. 6, and AN, Fig. 7, which 
together with the paths generated by tooth (1) determine the 
undeformed section of the chip obtained in up milling and down DOWN MILLING 
milling, respectively. Fic. 7 Patra Generatep By Prarn-Miviinc-Currer Toorn 1n 


The feed rate is a function of the dimension of the pinion as Down MILLING 
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[2], it will be apparent that in peripheral milling, as well as in 
face milling, the important variables affecting the tooth path 
and, consequently, the undeformed section of the chip, are the 
feed per revolution F’,, the cutter diameter or radius R, and the 
depth of cut d or y in peripheral milling, and the width of cut w 
or y in face milling. 

For values of F, used in practice, ris usually a small quantity, 
but it cannot be generally disregarded, however, without impair- 
ing the analytical accuracy of the derivations obtained when 
comparing the two methods of milling. If r is considered a 
negligible quantity, and is therefore eliminated from Equations 
{1] and [2], these become the equations of a circle, and the tooth 
path becomes an arc of a circle with a radius equal to the cutter 
radius, which is not true in practice. Actually the radius of the 
tooth path or radius of curvature varies with the depth of cut and 
also with the radius R of the cutter and radius r of the pinion 
(or feed per revolution), as indicated in the following equation 


Pee ae ye 


3 
R, peas Week Cal 
where 
R, = instantaneous radius of curvature, in. 
y = instantaneous value of depth of cut, in. 
R = radius of cutter, in. 
r = radius of pinion, in. 
+ = up milling 


= down milling 


From Equation [7], it will be found that under the same operat- 
ing conditions, the radius of curvature is greater than the radius 
of the cutter in up milling, while in down milling it is smaller 
than the radius of the cutter. As a result, for given conditions, 
the generated tooth-path length is longer in up milling than in 
down milling. 


Lenora or ToorH PATH 


The length of tooth path is a measure of the length of surface 
milled by a tooth in each engagement with the workpiece, but 
only a small fraction of this surface, approximately equal to the 
feed per tooth F,, is actually used, Figs. 6 and 7. 

In up milling, Fig. 6, when tooth (2) has completed the path 
AN’, it will remove the amount AN of the tooth path generated 
by tooth (1) and leave the amount AA which is equal to NN and 
to the feed per tooth. 

In down milling, Fig. 7, tooth (2), after completing its path, 
leaves on the workpiece an amount N’N of the surface milled 
by tooth (1), also equal to the feed per tooth. 

The feed per tooth is a small quantity in comparison with the 
actual length of tooth path, and it is therefore desirable for the 
economy of the operation to reduce the length milled by a tooth 
to a minimum. This can be done by proper selection of cutter 
diameter, feed per revolution, and method of milling. A reduc- 
tion in the total surface milled by each tooth produces a corre- 
sponding increase in cutter life which is affected by the amount 
of work done per tooth. 

The following expression of tooth-path length for ‘peripheral 
milling” (obtained from Equation [1]) is sufficiently accurate for 
values of feed per revolution, cutter diameter, and depth of cut 
used in practice 


T R—d F. 
‘LL =—— & eos- 1 —== (2 Rd a2) es 
1307 28 ( R ) * op ey 8] 
where 
L = tooth path length, in. 


8’ See Appendix, section 1. 
4 See Appendix, section 2. 
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R = cutter radius, in. / 
d = depth of cut, in. 
Ff, = feed per revolution, in. 


Equation [8] shows that the tooth-path length is longer in up 
milling (+) than in down milling (—). A saving therefore in the 
actual amount of surface milled can be obtained by using the latter 
method. In face milling, the tooth-path length is the sum of the 
length generated in up milling and down milling. 

When the width of cut is nearly equal to the cutter diameter 
the tooth-path length is 


In this equation the width of cut w replaces the depth of cut d 
of Equation [8]. Owing to the compensation in tooth-path 
length between up milling and down milling, the saving obtained 
under comparable conditions in face milling is not as great as 
in down milling. 

A greater approximation in the evaluation of tooth-path length 
in face milling can be obtained by means of the following formula 
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which results from the use of additional terms of the series shown 
in the Appendix, section 2 
— w/2 
——— |..[10 
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This indicates that a shorter tooth-path length than that given by 
Equation [9] may be obtained at high feeds per revolution. Cal- 
culated values of tooth-path length versus feed per revolution, 
cutter diameter and depth of cut for given conditions in pe- 
ripheral milling are shown in Figs. 8, 9, and 10. 

The difference in tooth-path length between up milling and 
down milling is usually small, but when the total number of tooth 
engagements and number of pieces milled are considered, the 
saving in milled surface may be considerable. For example, 
if the length to be milled on a workpiece is 12 in., the feed per 
revolution 0.200 in., the depth of cut 1/, in., and the cutter used 
is a 10-tooth, 4-in-diam, plain milling cutter, the number of 
engagements per tooth per piece is (12 + 0.20 = 60). From 
Fig. 8, the length of tooth path in up milling and down milling, 
corresponding to a feed per revolution of 0.200 in., is 1.024 and 
0.993 in., respectively, and the difference in surface milled per 
piece in favor of down milling is 


(1.024 —- 0.993) 60 = 1.86 in. 


If the number of pieces to be milled is 100, a total saving of 186 
in. will be obtained, by using the down-milling method. 
Greater savings can be obtained with either milling method by 
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using a cutter of smaller diameter. If the 4-in. cutter is re- 
placed with a 3-in-diam cutter, the tooth-path lengths (up 
milling) are, respectively, 1.430 in. and 1.245 in., Fig. 9, and 
the saving per piece in favor of the 3-in-diam cutter is 


(1.430 — 1.245) 60 = 11.10 in. 


or 1110 inches, per 100 pieces milled. 

Similar analysis can be made for the depth of cut. This 
should be kept as small as possible in relation to design and 
method of fabrication of the part being milled. 

A modification of Equation [8], giving the total length Lr, 
(inches) of milled surface corresponding to NV, parts, L, inches 
long, milled at cutting speed C feet per minute, and feed rate 
F inch per minute, is the following 


c Rd (2Rd — d?)'/2 
Ly = NS (a COsm> CS) oe ae ee soy |b 


The plus sign applies in up milling and the minus sign applies in 
down milling. The graphic relationship between Lz, Ff, and C 
when N, = 1 is shown in Fig. 11. From an inspection of this 
chart, the following conclusions may be drawn: 


1 For any given cutting speed: 

(a) As the feed rate is increased, the length of surface milled 
per tooth and per piece decreases. 

(6) In down milling, a progressively shorter surface is milled 
than in up milling. 
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(Material, S.A‘E, 1112; feed rate, 61/4 ipm; depth of cut, !/s in.; cutter, 
plain milling cutter, 10 T, 4in. diam; cutting speed, 40 fpm. Magnification 
X43.) 


2 For any given feed rate: 

(a) As the cutting speed is increased, the length of surface 
milled per tooth and per piece increases. 

(b) The difference in surface milled in favor of down milling 
decreases. 

3 The length of surface milled per piece and per tooth can be 
maintained constant by changing both the cutting speed and the 
feed so that their ratio remains constant. 

4 Down milling shows a greater saving in milled surface at 
higher than at lower feed rates. 


Cuip THICKNESS 


A comparison of Figs. 6 and 7 reveals that the undeformed 
chip section in up milling is more elongated and, on the average, 
thinner than in down milling, although the areas are the same in 
both cases. The cross sections of two complete milling chips, 
obtained under identical conditions, are shown considerably 
enlarged in Figs. 12 and 18, respectively. 

It is also confirmed by the fact that the average chip thick- 
ness, Le., the ratio between the area of the cross section and the 
length of tooth path, is greater in down milling than in up milling 
because the tooth-path length is shorter in down milling than 
in up milling, Fig. 14, namely 


pees (12] 
D ie U — te 14nd e C7 9be, Cue vs Soe we 
For a given depth of cut, the maximum chip thickness is also 
greater in down milling than in up milling, and the difference 
between the values of ty and tp, obtained in up milling and down 
milling, increases with the feed per revolution. 
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(Material, S.A.E, 1112; feed rate, 61/1 ipm; depth of cut, '/s in.; cutter, 
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The maximum chip thickness is the portion AD, of the radial 
line R, (normal to the tooth path) included between the paths of 
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bd Pres 15 


two consecutive teeth. Assuming AD, = AD, Fig. 15, from the 
triangles FHA and ABD, the following relation is obtained 


, <r| #@8=9_ |" 
USD 5 (R = r)? = Qrd spitale eps Si.eiterien's 


In the denominator, the upper signs apply in down milling and 
the lower signs in up milling. | 

Since each of the maximum thicknesses, ty and tp is a func- 
tion of depth of cut, cutter radius, and feed per revolution, it is 
a truer indication of the tooth load than the feed per tooth. 
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Fig. 16 Maximum Cuip THickNess VERSUS FEED PER R®VOLUTION 
AND DirreRENT PLarn-MILLING-CUTTER DIAMETERS; DEPTH 
or Cur 1/4 In. 


If the feed per revolution is kept constant, the maximum 


thicknesses ty and tp increase as the diameter of the cutter is 


decreased, Fig. 16. In order to maintain ty and tp constant with 
a change in cutter diameter, the feed per revolution should be cor- 
respondingly increased. Since the feed per revolution is equal to 
the feed per tooth times the number of teeth, this can be accom- 
plished by increasing the feed per tooth or the number of teeth, 
or both. 
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DOWN MILLING 


Maximum Cuip TuHickngess IN Up MILLING AND Down MILLING 


Quanity oF Finisn or Mitinp Surraces 
Quality of finish of a machined surface is generally affected by: 


1 Toolmarks, which on the 
machining process used. 

2 Marks of microscopic dimensions resulting from the plastic 
flow of the material during the formation of the chip. 

Toolmarks: Tooth and Revolution Marks. In up milling, 
tooth marks such as A, Fig. 6, result from the engagement of a 
tooth with the work material. In down milling, a similar mark 
N’, Fig. 7, is generally produced which is the outline of the inter- 
section of the plane of shear with the surface of the work along 
which the material of the chip yields prior to severance from the 
work, Fig. 18. In down milling, therefore, an element of the 
machined surface is generally not produced by the direct action 
of the cutting edge on the work material, as in the case of up 
milling, and the quality of the machined surface is affected by 
the type of chip obtained. Under certain conditions, however, 
definite marks are produced on a surface generated in down 
milling, Fig. 17. 

A milled surface therefore may be generally considered as the 
result of innumerable elements of the tooth path of a length ap- 
proximately equal to the feed per tooth. The uniformity of 
the spacing depends on the location of the points such as AA’ 
and NN’, Figs. 6 and 7, where the teeth intersect the path 
generated by the preceding teeth. 

Any variation in the instantaneous radius of curvature of the 
tooth path, Equation [7], will affect the width and the depth of 
thé tooth marks. 

Within the range of tooth path determined by the feed per 
tooth and forming an element of the finished surface, the radius 
of curvature is maximum in up milling and minimum in down 
milling, hence a flatter are of trochoid will be obtained in up 
milling than in down milling. On this basis a better finish will 
result in up milling, since the height h, between the cusps corre- 
sponding to the tooth marks and the point O, is less in up milling 
than in down milling, as shown by the following equation 


depend geometry of the 


where h = height of tooth mark above point O of lowest level, in. 

The value of h for the case shown in Fig. 17, in which a 0.118-in. 
feed per tooth, and an 8-tooth 3.894-in-diam plain milling cutter 
were used, is 0.000775 and 0.00105 in. for up milling and down 
milling, respectively. The actual readings are plotted in Fig. 18. 
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DOWN MILLING > 


Fig. 17 Toora Marxs Propucep on a Minurp Surface tn Up Miiiine anp Down MILLING 
(Material, brass; plain milling cutter; 3.894 in. diam, 8 T, 38 rpm; helix angle, 35 deg; feed rate, 35 ipm; depth of cut, 1/32 in. 


In addition to the tooth marks, a surface milled with a plain 
milling cutter may show periodic variations having a wavy 
appearance, and recurring with the frequency of the cutter 
revolutions per minute. The amplitude or height of the revolu- 
tion mark is a function of the eccentricity of the cutter and arbor, 
the tooth marks, the so-called “high tooth,” and the periodic 
variation in the deflection of the arbor, caused by the presence of 
the keyway and possible uneven conditions on the arbor supports. 
These various conditions are graphically reproduced in Fig. 19. 
In the case shown in Fig. 18, the average height of revolution. 
mark is 0.004 in. and 0.0045 in. in up milling and down milling, 
respectively. The tooth marks follow the undulation of the 
revolution marks. The presence of one or the other or both 
types of marks alters the geometric conditions of the surface and, 
consequently, the quality of finish. 

The height of the tooth marks can be reduced by increasing 
the radius of the cutter and decreasing the feed per tooth. The 
revolution marks can be prevented by grinding the cutter teeth 
within close limits and making sure that the runout of the cutter 
and arbor is reduced to the lowest possible value. In down 
milling, there is the additional advantage that both revolution 
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Magnification 6.) 


and tooth marks are usually obliterated by the material of the 
chip yielding in almost tangential direction as the tooth ap- 
proaches the finished surface of the work. The finished surface 
has a dull appearance, free from the characteristic parallel 
markings of a surface produced in up milling. 

Marks Produced in Formation of Milling Chip. The deteriora- 
tion of a milled surface along the tooth path for up milling and 
down milling is shown in Figs. 20 and 21, respectively. 

For a short distance after the cutting edge contacts the work, 
the surface machined by both methods is shiny in appearance and 
of uniformly good finish. The extent of this surface depends 
on the material being cut, chip thickness and rake angle, 
and also on the presence on the cutting edge and adjacent 
surfaces of a film of molecular dimensions which prevents the 
chip material from bonding to the tooth and forming the built- 
up edge. 

The wiping action of the chip and the temperature of cutting 
soon reduce the effect of this film and the built-up edge begins 
to form. Fragments of built-up edge are periodically sloughed 
off as the tooth continues in its travel through the work, and are 
found on the milled surface. 
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DOWN MILLING 


Fie. 18 Acruau VaLtuges or TooTH AND RErvyouuTIon Marks ON 
A MILLED SURFACE 


(Material, brass; plain milling cutter, 8 T, 3.89 in. diam; 38 rpm; helix 
angle 35 deg; feed rate, 36ipm; depth of cut, 1/32 in.) 


In up milling, the element of smooth surface produced at the 
beginning of chip formation is an element of the final surface. 
This condition insures a surface of generally good finish and free 
from fragments of the built-up edge. 

In down milling, an element of the final surface is produced 
when the built-up edge is fully developed, hence the surface, 
owing to the presence of fragments of built-up edge, is rougher 
and of a poorer quality than that produced in up milling. This, 
however, is not generally true, particularly when the surfaces of 
different kinds of work materials are compared, Fig. 22. 

The quality of surface finish also may sometimes be affected 
by chip fragments adhering to the teeth and being dragged into 
the work in subsequent engagements. 


ANGLE oF APPROACH 


There is a fundamental difference between the two methods of 
milling in the manner in which a tooth engages the work. In 
down milling, a tooth engages the work on the unmachined or 
rough surface of the workpiece at a distance equal to the feed per 
tooth from the path generated by the previous tooth and, after 
forming a chip leaves the workpiece in an almost tangential 
direction. In up milling, a tooth engages the work in a 
nearly tangential direction on the surface milled by the previous 
tooth, and at a distance from the point of engagement of the 
previous tooth equal to the feed per tooth, Fig. 23. However, 
the point where contact actually begins is indefinite, owing, for 
example, to variations in center distance of the teeth. It is also 
evident that the thickness of the chip in the early stage of chip 
formation in down milling is considerably greater than in up 
milling, Figs. 24 and 25. 

The relative conditions of tooth engagement in up milling and 
down milling are affected by the variables of the cut, as indicated 
by the value of the angle g, Fig. 23, made by the tangent to the 
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tooth path with a line parallel to the milled surface and given by 
the following formula 


ee Qnr(2Rd — d2)'/2 is 
q oR ad = PT | [15] 


The negative sign in the denominator applies in down milling, 
and the positive sign in up milling. 

For a given cutter diameter, the angle g in down milling 
changes with the feed per revolution and depth of cut. With 
a constant depth of cut, the angle g increases with the feed 
per revolution. This effect, however, is usually small. With a 
constant feed per revolution, g varies with the depth of cut, 
and large values of g may be obtained when the depth of cut 
is great. At the point of tooth contact with the work, gq has 
always a definite and relatively large value in down milling, 
while in up milling, g is very small, Fig. 23. 

From this, it follows that in down milling as a tooth begins to 
cut, the load, being generally normal to the cutting edge, pro- 
duces compressive stresses on the cutting material, while in up 
milling, on account of the nearly tangential direction of tooth 
engagement with the work, bending stresses result on the cutting 
edge of the tooth. 

The load conditions in down milling are particularly advan- 
tageous when using high feed rates and in high-speed milling. 
In this case, the carbide material can more favorably resist the 
destructive effects of the cutting force. 

It should be remembered, however, that in down milling the 
angle g is not constant. It varies with the depth of cut and 
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UP MILLING 


A, Final Surface; B and C, Middle of Tooth Path; D, End of Tooth Path 


Fic. 20 PHoroMIcROGRAPHS SHOWING CHANGE IN QuALITY OF Mittep Surrace ALonGc TootH Patu 1n Up MILLING 


(Material, S.A.E. 1112; feed rate, 61/s5ipm; depth of cut, !/sin.; plain milling cutter, 4 in. diam, 10 T, cutting speed, 40 fpm; cutting fluid, soluble 
oil and water; photomicrographs 100, workpiece X8. 
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DOWN MILLING 


A, Beginning of tooth path; B and C, Middle of tooth path; D, Final surface 


Fig. 21. PHoromrcroGRAPHS SHOWING CHANGE IN QUALITY OF MILLED SURFACE ALONG Tooru Paru 1n Down MILLING 


(Material, S.A.E. 1112; feed rate, 6!/1 ipm; depth of cut, 1/s in.; plain milling cutter, 4 in, diam, 10 T; cutting speed, 40 fpm; cutting fluid, soluble 
oil and water; photomicrographs 100, workpiece X 8.) 
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SAE 3115 STAINLESS STEEL  DURALUMIN- 
DOWN MILLING |. 
- Fic. 22 Quaniry or Surraces OBTAINED IN Up AnD Down Mituirne Various Kinps or Work MaAreRIAts 


(Materials, S.A.E. 3115 steel, stainless steel, ‘‘Rezistal;’’ 
3 ipm; plain milling cutter, 4 in. diam, 10 T; cutting speed 63 fpm. 


cutting fluid, soluble oil and water; depth of cut, 1/1ein.; width of cut, 1/1 in.; feed rate 
Materials, duralumin, brass, cut dry; depth of cut, 1/15 in.; 


width of cut, 1/¢ 


in.; feed rate, 61/sipm; plain milling cutter, 4in. diam, 10T; cutting speed, 230 fpm.) 


UP MILLING 


Fie. 23 


although it may be the same in any given job, it will be different in 
different jobs. The minimum value of q occurs at the point where 
the tooth leaves the work. At this point the value of d in [15] 
is equal toh, Equation [14]. The change in depth of cut causes 
wide variations in the angle m = 90 — g + O, included between 
the face of the tooth and the rough surface of the work. There- 
fore, proper consideration should be given to its value in order to 
limit the intensity of tooth impact, which depends upon the rate 
of increase of the chip thickness to its maximum value. This 
is especially important when using small-diameter milling cut- 
ters in deep cuts. If the angle m is too small, the intensity of 
the impact may be sufficient to break the cutter. A certain de- 


ANGLE OF APPROACH, RAKB AND CLEARANCE ANGLES IN Up MILLING AND Down MILLING 
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gree of control of tooth impact may be obtained by increasing 
rake angle O, or reducing the feed rate, or both. 

In up milling, q is small at the point of tooth engagement 
with the work, and it can be considered to remain practically 
constant under all conditions (the depth of cut being at this point — 
equal to h, Equation [14]), although it varies somewhat with the 
feed per revolution. The maximum depth of cut has no effect 
on the value of q, except in the initial stages of tooth engagement 
with the work, where q, assumes the maximum value q:, ,corre- 
sponding to the maximum depth of cut d. In up milling the 
angle m = 90 — q + O therefore is large and nearly the same 
in every job. This produces uniform conditions of tooth engage- 
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Fic. 24 PHOTOMICROGRAPH OF 
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(Material, S.A.E. 1112 steel, 50; 
feed rate, 61/si ipm; depth of cut, 1/s 
in.; plain milling cutter, 4 in. diam, 
10 T; cutting speed, 40 fpm; cutting 
fluid, soluble oil and water.) 
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Fic. 25 PHOTOMICROGRAPH OF 
WorK AND CHIP at BEGINNING 
or Cur 1n Up MILLING 
(Material, S.A.E. 1112 steel, 50; 
feed rate, 61/4 ipm; depth of cut, '/s 
in.; plain milling cutter, 4 in. diam, 
10 T; cutting speed, 40fpm; cutting 
fluid, soluble oil and water.) 


Fic. 26 Aneie or APPROACH IN Face MILLING 


ment, furthermore the gradual increase of chip thickness results 
in a considerable- reduction in tooth impact. 

In face milling the value of the angle of approach q is greatly 
influenced by the relative dimensions between cutter diameter 
and work width, and also cutter location with respect to the 
work. If for example, the cutter diameter is slightly larger 
than the work width, the angle q is small, but a large value 
of g may be obtained if the cutter overlaps the work, Fig. 26. 


BEGINNING OF CHIP ~~ 


UP MILLING 


The angle g can be obtained from Equation [15] by substituting 
for the depth of cut d the amount which the cutter overlaps the 
work on the side which the tooth enters the work. 


RELATIVE Vetocity ALone Toots PatH 


The relative velocity along the tooth path is given by the fol- 
lowing expression 


V = 2rn((R + r)? = Qry]’”....0.. 2. [16] 


The upper signs apply in up milling and the lower signs in down 
milling. In practical milling applications, the relative velocity 
V is nearly equal to the peripheral speed of the cutter. Equa- 
tion [16], however, indicates that V varies with the position of 
the tooth on the tooth path as given by y. 

In up milling when the tooth enters the work and the depth of 
cut is nearly zero, V assumes a maximum value, which decreases 
as the tooth progresses along the tooth path. In down milling, 
V has a minimum value when the tooth leaves the work and 
somewhat higher value when the tooth enters the work. 


RakKE AND CLEARANCE ANGLES 


In milling, both the rake and clearance angles vary along the 
tooth path. The rake angle O; is the angle determined by 
the tooth face and the normal to the tangent at the tooth path at 
the point being considered. This angle may be called the actual 
rake angle. It is the sum of the rake angle’O, normally provided 
on a milling cutter, and the angle b, which can be obtained from 
the following expression, Fig. 23 
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Since b is a small angle, the sine of the angle can be assumed equal 
to the are, hence 


afore Wests {17] 
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In the denominator, the lower signs apply in down milling, and 
the upper signs in up milling. The negative sign of O is used 
when O is negative. 

In up milling, at the beginning of tooth engagement with the 
work, the actual rake angle is nearly equal to O and increases to 
a maximum QO, when the tooth leaves the work. In down milling; 
the actual rake angle is a maximum at the beginning of tooth 
engagement, and a minimum nearly equal to O when the tooth 
leaves the work. : 

The minimum clearance angle at any point of the tooth path 
is the angle 6 included between the cutter radius and radius of 
curvature. If the path were circular, the radius of curvature 
R, would coincide with the radius R of the cutter, and the angle 
b would be zero. The minimum clearance can be calculated 
from Equation [18]. 

The actual clearance angle e, at any point of a tooth path is 
the difference between the clearance angle e ground on-the flank 
of a cutter tooth and the minimum clearance angle b 


180 F,(2Rd — a4)" 
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except at the beginning of the tooth path in up milling and at 
the end of tooth path in down milling where the actual clearance 
angle is the sum of e and b, Fig. 23. 

In up milling therefore at the beginning of chip formation, the 
actual clearance angle e; is equal to the given clearance angle e. 
As the tooth assumes different positions along the tooth path, the 
actual clearance angle e; decreases, and rubbing on the flank of 
the tooth will eventually result, if the depth of cut is such as to 
make the minimum clearance b greater than the given clearance 
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(Material, S.A.E, 1112 steel; cutting fluid, soluble oil and water; width of 
eut, 4 in.; plain milling cutter, 4 in. diam, 8 T; cutting speed, 60 fpm.) 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1945 


angle e. In down milling, the actual clearance e; is a minimum 
at the beginning of the chip formation and a maximum nearly 
equal to e when the tooth leaves the work. 

Thus under identical cutting conditions, the actual rake angle 
O; is greater in down milling than in up milling, while the actual 
clearance angle is greater in up milling than in down milling. 
In order to avoid interference and rubbing on the tooth flank, 
it is necessary to provide a clearance angle greater than the 
maximum value of the angle b. 


PowkR REQUIRED IN MILLING 


In order to determine the power required in up milling and 
down milling, blocks of S.A.E. 1112 and cast iron were milled 
with an 8-tooth 3?9/3.-in-diam plain milling cutter. Two ma- 
chines were used, one being provided with independent motors 
for the spindle and feed drive, while the other was a standard ma- 
chine driven by an electric dynamometer which replaced the 
regular motor. 

With the first machine, the power required by the spindle and 
feed drive was measured separately, while with the second ma- 
chine was measured the total power consumption. The data 
obtained in these tests indicate the following: 

1 The total power input into the machine, corresponding to 
given values of feed rate and different depths of cut is higher in 
up milling than in down milling, Figs. 27 and 28. 

2 The efficiency of metal removal, measured in cubic inches 
per minute per horsepower, and based on the net power input 
to the machine (including the power for the feed drive), is higher 
in down milling than in up milling, Figs. 29 and 30. 

3 The power required by the cutter alone is higher in down 
milling than in up milling, Fig. 31. 

4 The power required by the feed drive is higher in up milling 
than in down milling, Fig. 32. 

The foregoing results may be explained as follows: 

In down milling, the component of the cutting force, acting 
parallel to the table and in the direction of the feed, helps to 
propel the table, thus producing a corresponding decrease in the 
power required to feed the table. In up milling, the component 
of the cutting force, acting parallel to the table but against the 
direction of the feed, causes a proportional increase in the power 
required to feed the table, Fig. 32. 

The higher power required by the cutter in down milling may 
be attributed to the fact that the thickness of the chip is greater 
in down milling than in up milling, Figs. 14 and 15. When the 
power input to the machine is considered, however, this differ- - 
ence is not sufficiently great to compensate for the reduction in 
the power used in the feed drive, and the final result is a lower 
power and correspondingly a higher efficiency of metal removal ~ 
in down milling than in up milling. 


| 

a Jay 
re T 4 
=) 
2 
= oe Sle et 
o 
- + al 
@ 
-) 
a 4 
z 
SEN |) 
ra : 
3 x dls. | 
a 
w 
ra tot 
oJ CAST IRON 
°s DOWN MILLING © 

UP MILLING 


° 5 10 15 20 25 30 35 45 50 


FEED RATE —INCH P MIN 


Fic. 28 Horsepower Input Tro THE MACHINE VERSUS FEED Rare, 
Ue Mitiine anp Down MILLING 


(Material, cast iron, cut dry; width of cut, 4 in., plain milling cutter, 4 in. 
diam, 8 T.) 
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(Material, 8.A.E, 1112 steel; cutting fluid, soluble oil and water; plain 
milling cutter, 5 in. diam, 8 T; 5 in. width of cut; cutting speed, 80 fpm.) 


Fic. 31(6) Nerv Powrr REQUIRED aT THE SPINDLE VeRSUS FrEp 
Rate, Incues PER MINvTE, IN Up MILuiInc AND Down MILuIneG 


(Material, cast iron, cut dry; width of cut, 4 in.; plain milling cutter, 
4 in, diam, 8 T; cutting speed, 60 fpm.) 


Horizontal and Vertical Components of Cutting Force. The 
horizontal and vertical components of the cutting force were 
measured by calibrating with known loads the structure of the 
milling machine on which these tests were conducted. 

A combination of plain right- and left-hand-helix milling 
cutters was used to neutralize the axial thrust. 

From the data shown in Fig. 33, it is apparent that comparable 
intensities of the horizontal component are obtained in both 
methods of milling. The vertical component, however, is small 
in up milling, its intensity tending to decrease as the depth 
of cut is increased. A reversal in the direction of the vertical 
component may occur when the depth of cut is great. This may 
result in lifting the workpiece out of the fixtures in some milling 
operations requiring deep cuts. 

In down milling, there is no reversal of the vertical component 
as the depth of cut is increased. Actually the intensity of the 
vertical component increases with the depth of cut, thus helping 
to keep the workpiece securely in its fixture. 

The forces acting near and along the cutting edge of a milling- 
cutter tooth and the chip being formed can be assumed to be 
represented by a force N normal to the face of the tooth and a 
frictional force F acting along the face of the tooth opposing the 


TRANSACTIONS OF THE A.S.M.E. 


_ (Material, cast iron, cut dry; 


MAY, 1945 


16 7 i — | 7 
| 
| 

6 T - = ut ae 

i 
14y + +- — 
UP MILLING 


—— —DOWN MILLING 


HP INPUT TO FEEO DRIVE 
PS . 


MAT - CAST IRON 
Saas ees 
35 40 45 50 


5 10 Ss 20 25 
FEED RATE - INCH PER MIN. 


Fie. 32 Horsepower Input To THE Freep Drive Versus Freep 
Rate, INcHEs PER MINnuTE, IN Up MILuine anp Down MILLING 


width of cut, 4 in.; plain milling cutter, 
4 in. diam, 8 T; cutting speed, 60 fpm.) 


flow of the chip. The resultant R of these forces is the force 
required to form a chip, Fig. 84. The projection 7 of the re- 
sultant along the tangent and at any noint of the tooth path 
multiplied by the velocity at that point is the power required 
to form a chip at that point. 

The conditions obtaining in up milling and down milling with 
positive and negative radial rake angles are expressed in the 
following relation 

TV i= Recor (f= Oi) Vicon osc eae [21] 
where 

V 

f= 
The = signs apply with negative and positive rake angles, re- 
spectively. 

Since the projection of the resultant is equal to the sum of the 
projections of the components, Equation [21] can be written 
as follows 


instantaneous velocity obtained from Equation [16] 
angle of friction measured between Rk and N 


DPV = *(Necos: Ope ehesin\ O}) Vveayr. of ote tet [22] 


(— sign for negative and + sign for positive rake angles) 

It can be seen that when the rake angle is negative, the fric- 
tional force F’, which is always opposed to the motion of the chip 
along the face of the tooth, provides a component along the 
tangent which tends to reduce the power required to form a chip. 
This also indicates that if the power consumed and the frictional 
force are assumed to be the same, then the force N is higher with 
negative than with positive rake angles. With negative rake 
angles, a reduction in the frictional force will increase the power 
consumed if a corresponding reduction does not take place in the 
normal force N, 


ReEsvutts OBTAINED IN Down-MILuine APPLICATIONS 


The characteristic difference between the two milling methods 
has been found particularly advantageous in various classes of 
work. It is often possible to use a substantially higher feed rate 
in down milling than in up milling with a corresponding increase in 
production as, for example, milling the sides and bottom of the 
cast-iron part shown in Fig. 35. In up milling, the maximum 
feed rate that could be used to avoid the cutter lifting the work 
out of the fixture, was 3!/sipm. By changing to down milling, 
the feed rate was safely increased to 73/4 ipm. 

A considerable increase in cutter life was recorded in milling 
the cast-iron part shown in Fig. 36. This operation consists in 
milling from solid the top, sides, and bottom surfaces of the T- 
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Fic. 35 Srtrurp Usep 1n Down Mine a Cast-Iron PART ON 


Macuine Equippep Wits BackLasH ELIMINATOR 


(Material, cast iron; operation, straddle-milling sides, peripheral-milling top 
and bottom. Down milling permitted increase in feed rate from 3!/s ipm 
to 73/,4ipm, thus production was increased 116 per cent.) 


section. The number of pieces per grind was 93 in up milling, 
and 156 in down milling, with an increase of 68 per cent in cutter 
life between grinds. 

In milling parts made of 8.A.E. 4150, Brinell hardness 190-210, 
the life of the interlocking slotting cutters with a 20-deg radial rake 
angle was from 2 to 3 times that obtained with cutters having 
a 10-deg rake angle, and with a considerable saving in the actual 
power consumed. The reduced work of deformation of the chip 
and lower temperature at the cutting edge permitted also an 
increase in cutting speed from 40 to 100 fpm, which for the same 
feed per tooth gave a corresponding increase in production rate. 

Down milling is also used successfully in milling turbine blades, 
since among other advantages, it produces a milled surface, free 
from revolution marks, which can be easily and quickly polished. 

Thin slotting cutters and saws have less tendency to deflect 
sideways when used in down milling. 

In high-speed milling, down milling provides a better load 
condition and, consequently, an increase in the resistance of 
carbide tips to the destructive effects of the cutting force. 

In down milling, however, the cutting edge begins to cut on the 
rough surface of the work and the presence of sand or scale is 
detrimental to cutter life. In up milling, the cutting edge engages 
the workpiece on the surface milled by the previous tooth, and 
the condition of the outer surface of the workpiece has generally 
no appreciable effect on cutter life. 

In down milling the danger of the work being dragged under 
the cutter is also present. If this occurs, expensive cutters, 
fixtures, and the machine itself may be seriously damaged, and 
the operator exposed to injury. It is therefore important to 
make sure that every possible precaution has been taken in 
setting up the machine and that the machine is kept in good 
repair. 


CONCLUSION 


From the data presented in this paper, the respective ad- 
vantages of both methods of milling are summarized as follows: 


Down MILLING 
1 Possibility of simplified fix- 1 
tures, and of milling parts 
that cannot be easily held. 
Milled surface not affected 2 
by revolution marks, and 


Up MILiine 


Does not require backlash 
eliminator. 


Safer operation due to sepa- 
rating forces between cutter 


MAY, 1945 


Fic. 36 Serur Usep 1n Down Mitiine FRomM Souip T-SEcTION 
on Mixtuine MacuHine Equippep WiTH BackLAsH ELIMINATOR 


(In this job, cutter life was increased 68 per cent by changing from up to 
down milling.) 


and work. : 

Less wear on screw and nut 
threads due to absence of 
preload. Repair and re- 
placement of parts not as 


can be easily polished. 

3 Lower power consumption 3 
which permits increased 
metal removal of the ma- 
chine for a given motor 


capacity. frequent. 

4 Smoother operation of the 4 Looseness in moving parts 
machine; less tendency to not detrimental to cutting 
chatter. action and performance of 


machine. 


Use of larger positive rake an- 
gles with high-speed steel cut- 
ters which lessen work of de- 
formation on material of 
chip, lower cutting tempera- 
ture and longer tool life; 
better load condition on 
carbide tips in high-speed 
milling. 

Higher cutting speeds and 


Fragments of built-up edge 
absent from milled surface. 
Life of cutter not affected 
by scaly or sandy surfaces. 
Tooth engagement with 
work generally the same on 
all jobs, and remote possi- 
bility of cutter breakage 
due to variation in depth 
of cut. 


feeds. 
7 Less surface milled per piece. 


Down milling has increased the usefulness of the milling process 
and is finding an ever-widening field of application. 

The selection of one or the other methods of milling, however, 
should be dictated by a proper consideration of the job on hand 
and the various factors contributing to its economic production 
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Substituting in the following expression for the radius of 


curvature 
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in the numerator and denominator, the expression obtained from 
Equation [1] results 
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2 Leners or Toots Pata 
From the differential of the arc 
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and Equation [1] 
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Creep Properties of Molded Phenolic 
Plastics at Elevated Temperatures 


By W. J. GAILUS! ann DAVID TELFAIR? 


To augment the small amount of published data on the 
creep properties of thermosetting materials, the authors 
undertook a study of the behavior of molded phenolic plas- 
tics at approximately 192 F. Tension creep data are re- 
ported up to 1000 hr, and recovery data up to 250 hr. 
Modulus-of-elasticity values were obtained at the begin- 
ning and end of the 1000-hr tests. Studies included the 
effect of moisture content on creep properties. 


INTRODUCTION 


OLDED phenolic plastics have long been used in applica- 
M tions where stability at fairly high temperatures is of 
prime importance. Numerous studies have been made 
of the effects of different temperatures on such physical proper- 
ties as tensile strength, flexural strength, compressive strength, 
shear strength, modulus, etc., with one exception. Com- 
paratively little has been done to increase our fund of information 
on the creep properties of thermosetting materials. The papers 
which have been published on this subject cover only a small 
range of stress values and are on tests of fairly short duration. 
Practically no data exist on the creep of phenolics at high tem- 
peratures. 

The work reported herein was undertaken to complement 
the investigation previously reported by Telfair, Carswell and 
Nason, (1),* and to obtain a more definite understanding of the 
behavior of phenolics at high temperatures. The research re- 
ported here concerned itself with the behavior of molded phenolic 
plastics at approximately 192 F. 

Tension creep data up to 1000 hr are reported, with recovery 
data up to 250 hr. Values of modulus of elasticity were obtained 
at the beginning and end of the 1000-hr tests. Effect of moisture 
on creep properties was studied. 


DeEraits oF INVESTIGATION 


Materzals. The materials investigated included molded phenol- 
ics with wood flour, chopped canvas (rag), cotton cord, asbestos, 
and mica fillers, unfilled phenolic resin, and two types of paper 
laminate (both cross-laminated). The filled materials contained 
approximately 50 per cent phenol-formaldehyde resin and 50 per 
cent filler, with the exception of the asbestos-filled material, which 
contained approximately 40 per cent resin, 45 per cent asbestos 
filler, and 15 per cent wood-flour filler (to improve molding prop- 
erties). 

The wood-flour-, asbestos-, and mica-filled molding com- 
positions were prepared by rolling the resin and filler in the usual 
manner for the preparation of general-purpose phenolic molding 
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compositions. The cotton-cord and chopped-canvas fillers were 
blended with the resin in a wet-mix process. The wet resin filler 
was dried and the resin further polymerized to give a moldable 
composition. A special technique was developed to produce 
satisfactory molding powder for specimens of pure resin com- 
pound. 

Specimens. Standard A.8.T.M. (D638-42) tensile specimens of 
these materials were compression-molded, using approximately 
a 10-min cure at 165 C and a pressure on the specimen of ap 
proximately 4000 psi. The specimens were cooled to below 85 C 
before removal of pressure. The paper-laminate specimens were 
machined from sheets supplied by the Forest Products Laboratory 
of Madison, Wis. The sheets were made of high-strength paper, 
cross-laminated, using two different phenolic resins. 

Baldwin Southwark SR-4 strain gages were mounted on op- 
posite sides of each specimen with phenolic cement. “Dummy” 
specimens, for use as the balancing arm in the Wheatstone- 
bridge circuit, were made up in the same manner. In addition, 
special ‘‘standard’”’ dummies were made by mounting SR-4 gages 
on unglazed procelain. 

Definitions. The terms “elastic deformation,” 
“delayed deformation,” ‘elastic recovery,” “delayed recovery,”’ 
and “permanent set’’ were defined and illustrated in the earlier 
paper (1). It may be well for the reader at this point to refer to 
Fig. 1, which illustrates the meaning of the additional terms 
“shrink,” “‘effect of stress,” 
in this paper. 


or 


“creep” 


and “behavior,” as they will be used 
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Testing Equipment and ‘Procedure. A special technique was 
developed to study the creep phenomena at this temperature 
(192 F). The electrical-measuring system used is shown as a 
circuit diagram in Fig. 2. More detail concerning the testing 
equipment may be found in the earlier paper (1). 

With this setup, it was possible to obtain: (a) Effect-of-stress 
data; all effects of thermochemical reaction within the specimen 
were automatically canceled out by balancing a virgin speci- 
men against a virgin-specimen dummy (assuming, of course, that 
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the thermochemical reaction within the specimen is the same with- 
out stress as it is with stress). (6) Behavior data, i.e., a measure of 
the absolute deformation under the conditions imposed, were ob- 
tained by balancing a specimen against a ‘‘standard’’ porcelain 
dummy. (c) Shrink data (zero load) were obtained by balancing 
a porcelain dummy against aspecimen dummy. The stability of 
the porcelain dummies was checked periodically against a stand- 
ard resistance (Fig. 2). In order to increase the accuracy of the 
measurements, slight changes were made in the SR-4 control- 
box circuit so that it would operate as an adaptation of the 
Kelvin bridge, in effect reducing to a minimum errors caused by 
switch resistances. 

Constant longitudinal loads were applied, as before, in the 
form of lead weights in convenient increments. The loads ap- 
plied to each material varied from zero to values which caused 
fracturein less than 1000 hr. Results are reported only for speci- 
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mens that stood up for 1000 hr (except in the case of unfilled 
resin). Strain readings were taken for each load increment and 
the results were used for obtaining modulus data. The extension 
due to the application of the load was measured as a function 
of time over a period of 1000 hr. The loads were then removed 
in increments and strain readings were again taken. The 
contraction due to removal of load was then measured as a func- 
tion of recovery time over a period of about 250 hr. The ef- 
fect of moisture on the creep properties of these materials was 
studied by taking specimens which had been subjected to test 
for 1250 hr, soaking them in water at 50 C for 48 hr, and once 
more subjecting them to the original test procedure. 

The SR-4 gages were calibrated in tension and compression 
(see Fig. 3). The gages were mounted on a pure phenolic-resin 
specimen so that practically a straight stress-strain curve would 
be obtained. The deviation of the curve in tension was probably 
caused by creep and cold flow since the time interval of testing 
was so much longer than that taken for the compression curve. 


EXPERIMENTAL RESULTS 


The results of creep measurements for the six molded and two 
cross-laminated phenolic compositions have been plotted in Figs. 
4 to 17, inclusive. These materials, in general, possess the same 
type of creep and recovery curves. From Fig. 1, it can be seen 
that the creep at high temperatures consists of a balance between 
the opposing actions of strain due to load, and shrink due to mo- 
lecular transformation. The technique used in this work per- 
mitted a separation of these components so that each might be 
studied individually. Rectangular co-ordinate plotting has been 
used to enhance clarity of interpretation. (Log-log plotting was 
used in Fig. 27, to show special characteristics of the materials.) 
The “‘shrink”’ data obtained by using the SR-4 gages were further 
confirmed by results obtained from virgin specimens with 
mechanical strain gages attached which were placed in an oven 
maintained at 192 F. 

The first group of curves (Figs. 4 to 9, inclusive), shows how 
these materials would behave under stress action alone, thermo- 
chemical effects being ignored. All of the materials showed an 
extremely large amount of nonrecoverable flow. A rough com- 
parison of the stress required to produce a total strain (elastic 
plus inelastic) of 0.008 in. per in. during a 1000-hr test at 192 F, 
as against room temperature (25 C) is presented in Table 1. 


TABLE 1 COMPARISON OF STRESSES REQUIRED TO PRODUCE 
A TOTAL STRAIN OF 0.003 IN. PER IN. IN 1000 HR 


At room 

temperature, At 192 F, 

psi psi 

‘Cord filled ors Sine Satter: ail mis e's Soa ae eee 2150 airs 
Raw Billed. visica scan Soh e a boc ot 22) ete 2100 700-800 
‘Wood-fouar filled tar ariel hie Sheree teen 2400 800 

Resin compound..... MID E Ta ee 5, oS 2100 aoe 
Asbestos filled......... API REE etc A coe 2700 1600 
Mion Billed 5.63 28 < -caeteaue cre «aia ee . 4800 1400 
; ip A. 2600 


Paperlaminate,..co.-2.04-.--. 


The unfilled resin compound would not bear a stress as low 
as 100 psi for more than 370 hr at this temperature. Only one 
set of data is presented for the paper laminate, since both ma- 
terials proved to have identical creep characteristics. 

The second group of curves (Figs. 10 to 16, inclusive) shows the 
actual behavior of the materials; a summation of the physical 
and thermochemical forces acting on the specimens. A survey 
of the data plotted for zero stress gives an idea of the effects of 
thermochemical reaction within the specimen; it compares the 
materials on the basis of shrink. Mica-filled phenolic, unfilled 
resin compound, paper laminate, asbestos-filled phenolic, rag- 
filled phenolic, wood-flour-filled phenolic, and tire-cord-filled 
phenolic array themselves in that order when compared on 
this basis, mica shrinking least and tire cord most. It is only 
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reasonable that the temperature employed throughout this in- 
vestigation would show little effect on such a heat-insensitive 
filler as mica, while it is well known that cellulosic materials 
shrink considerably when subjected to heat (2, 3,4). The some- 
what strange behavior of the asbestos-filled phenolic is explained 
by the fact that 15 per cent of the ‘‘asbestos’’-filled molding pow- 
der was wood flour. Fig. 17 shows the average total deformation 
(elastic plus inelastic) after 1000 hr of constant load at 192 F, as 
measured by the two separate methods employed, plotted against 
stress. ‘The ordinate distance between the two plots of each ma- 
terial is a measure of the amount of shrink. 

Modulus data before and after the 1000-hr period under load 
are shown in Figs. 18 to 28, inclusive, and in Table 2. 


TABLIT 2 MODULUS DATA BEFORE AND AFTER 1000-HR TES1 
Average modulus 
of elasticity at After 1000 hr 
beginning of test under load Difference, 
Material (192 F), psi (192 F), psi per cent 
TDiPO OO” sk wissen sce 710000 898000 26.5 
RAR iced. oe a 807000 1053000 30.5 
Mica,....... ; 1560000 2347000 50.4 
Asbestos... . 5 987000 1243000 25.9 
Wood flour; . 6.55. 746000 1083000 45.0 
Paper laminate...... 1700000 2227000 31.0 


The effect of continued heating on the modulus of these ma- 
terials is readily apparent. Figs. 15, 24, 25, and 26 present the 
data obtained from a study of moisture effects. The curves tend 
to show that moisture does affect the creep characteristics of 
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phenolics with cellulosic fillers but that it does not in any way 
affect the behavior of phenolics with mineral fillers. Findley 
found that paper-laminated phenolic tended to shrink when 
humidity decreased (5). Table 3 presents a comparison of the 
long-time tensile strength at 192 F with both the long-time and 
short-time tensile strengths at room temperature. 


TABLE 3 COMPARISON OF LONG-TIME TENSILE STRENGTH 
AT 192 F WITH BOTH LONG-TIME, AND SHORT-TIME 
STRENGTHS AT ROOM TEMPERATURE 


Short-time 
tensile 
strength ——Long-time tensile strength-——. 
A.S.T.M. estimated limiting stress 
D638-42, At 25 C, Percent Per cent 
25 C, 60 50 per of short- of short- 
per cent cent RH, time at At192_ time at 
RH, psi psi 25 € F, psi 25'S 
Cord filled... Pee O00 2400-2800 43 900-1200 18 
Raeriliads are. OL00 2400-2800 43 1200-1400 21 
Woodflour filled..... 6100 2600-2800 44 1300-1400 22 
Resin compound..... S900) xn emrdiertvenins ne 100 its 
Asbestos filled.......... 5700 2800-3200 53 1800-1400 24 
Mica filled neds. ene et D400: 2200-2400 39 1200-1500 25 
Paper laminate........ 2800 | Weare: 4900-5200 $18 


Discussion oF RESULTS 


The high-temperature data presented in the earlier paper (1) 
are somewhat in error inasmuch as they do not resolve the stress 
effects and thermochemical effects. It is to be noted that the 
high-temperature curves of that paper appear to lie between the 
effect-of-stress and behavior curves presented in this work. This 
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phenomenon is readily explainable in that the same specimen 
dummies had been repeatedly used in those tests and had al- 
ready “‘shrunk” to varying degrees in the first run. In sue- 
ceeding tests, the dummies would therefore tend to act partially 
as virgin-specimen dummies and partially as porcelain dummies. 

The change in properties of phenolics after being exposed to 
heat is presumably connected with a continuation of the con- 
densation reaction. It is well known that in the curing of ther- 
mosetting resins, as in other chemical processes, the reaction of 
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the constituents is practically never complete. The specimens 
used in this work were molded at a temperature of 165 C, with a 
cure time of about 10 min. As a general rule, a chemical re- 
action doubles in speed for each 10-deg-C rise in temperature. 
Thus while the reaction during molding proceeded about 181 
times as fast (estimated) as it did at the testing temperature 


(90 ©), the total time of molding was only —— of the time the 
6000 


specimens were subjected to test. It is only reasonable to pre- 
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sume that the materials continued to cure slowly during the tests. 
Data taken on phenolic resin before and after molding showed 
that specific gravity changed about 1 per cent. The shrink 
observed for phenolic resin during the creep test was 0.00123 in. 
per in., which corresponds to a density increase of 0.369 per cent. 
If this shrinkage were entirely due to continued condensation, 
this would lead to the estimate that about 1/3; as much reaction 
takes place during a long-time creep test as during molding. 

An attempt was made to see whether the hyperbolic-sine 
(6, 7, 8) or the logarithmic method would best express the re- 
lations between stress and creep rate of these materials at con- 
stant temperature. Fig. 27 is a plot of creep rate in per cent 
per 1000 hr versus stress. (The data were obtained from the 
“effect-of-stress’”’ curves.) It was found, tentatively, that the 
straight-line relation of the log-log plot best expressed the re- 
lation between stress and creep rate for the mineral-filled ma- 
terials but that the hyperbolic-sine relation is better suited for 
the cellulose-filled materials. 


CONCLUSIONS 


1 The total creep in 1000 hr and creep rate (in per cent per 
1000 hr) depend to a considerable degree upon the type of filler 
used in molded phenolic plastics. The creep of inorganic ma- 
terials is much less than that of materials with organic fillers of 
the cellulose type. 

2 Continued heating has tremendous effects on the creep 
properties of phenolic plastics. Extension due to load is largely 
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compensated by contraction due to shrink. Cellulose-filled ma- 
terials show an especially large amount of shrink. 

3 The long-time tensile strength at 192 F varies roughly from 
18 to 25 per cent of the short-time tensile strength at room tem- 
perature, depending upon the filler used. 

4 Modulus of elasticity in tension increases 25 to 50 per cent 
after continued heating at 192 F for 1000 hr, depending upon the 
type of filler used. 

5 The straight-line relation of the log-log plot apparently 
best expresses the relation between stress and creep rate for the 
mineral-filled phenolics but the hyperbolic-sine method is better 
suited as a simple method of expressing this relation for the cel- 
lulose-filled phenolics. 

6 By using the technique presented in this paper, a more 
definite knowledge of the behavior of phenolics at high tem- 
peratures can be obtained. 
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Effect of Some Environmental Conditions 


on the Permanence of Cellulose-Acetate 
and Cellulose-Nitrate Sheet Plastics 


By T. S. LAWTON, JR.,! anp H. K. NASON! 


The effect of outdoor exposure, both in Florida and in 
Massachusetts, on the tensile properties, impact strength, 


_ optical properties, and shrinkage of cellulose-acetate and 
_ cellulose-nitrate sheet plastics is shown in detail, and the 
_ general nature of these effects is summarized. The effect 


of outdoor exposure on the composition of these plastics 
and on the molecular weight of the base cellulose esters is 
shown quantitatively. Moisture pickup and dimensional 


' change upon immersion in water are reported. 


accentuated because of the demand for these materials by 


Vr NHE use of plastics in engineering applications has been 
' 


} 


the Armed Forces. For the intelligent engineering applica- 
tion of any material, a knowledge of its properties under all 
environmental conditions which may be encountered in service 
is essential. A summary of recent progress in this field has been 
published (1).? 

Such data on cellulose acetate and cellulose nitrate have been 
searce until recently. A paper describing the effect of environ- 
mental conditions on the mechanical properties of cellulose 
acetate and cellulose nitrate was recently published (2). The 
work reported in the present paper covers the effect of environ- 
mental conditions such as weathering, ultraviolet-light exposure, 
moisture exposure, heat exposure, etc., on the permanence of 
cellulose-acetate and cellulose-nitrate plastic sheets. 


Mareriats Usep 


The cellulose-acetate sheets used in this investigation were 
2050 TVA Fibestos. They were manufactured by the sheeter 
process (3, 4), and the surfaces were given an ‘‘HH”’ (polished) 
finish in a planish press under the conditions customarily em- 
ployed for such materials. The residual solvent-and-water 
content was less than 1.5 per cent as received. These materials 


_are of the type customarily furnished for transparent enclosures 


on aircraft and similar applications, and meet all requirements of 
Air Corps Specification 12025-B (5), Navy Aeronautical Speci- 
fication P-41le (6), and A.S.T.M. Specification D786-44T (7). 
These materials are of the same composition as those studied 
by Findley (8, 9, 10). ‘ 

The cellulose-nitrate sheets were manufactured from medium- 
viscosity pyroxylin of approximately 11 per cent nitrogen content 
and were plasticized with approximately 25 per cent camphor, 
Processing was by the sheeter method and was similar to that 
employed for the cellulose-acetate sheets. Residual solvent 
and water content was less than 1 per cent as received. These 
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of the Society. 


materials meet all requirements of A.S.T.M. D701-44T, Type 1 
(11), U. 8S. Army Specification 95-12008B (12), and Federal 
Specification GG-T-671 (13). 

All materials used for these tests were taken from regular 
production lots. 


Test PROCEDURES 


A.S.T.M. standard test methods were used wherever possible; 
specific reference to test methods is made in the following section. 

The desired number of test specimens was cut from a single 
plastic sheet and mixed thoroughly to minimize geometric 
variables. All samples were preconditioned for 48 hr at 50 C 
(122 F), to eliminate moisture, and were stored in a desiccator 
over anhydrous calcium chloride until needed. All tests were 
made at 25 C (122 F), 50 per cent relative humidity (rh), unless 
noted otherwise. 

The outdoor weathering samples were exposed both in Miami, 
Fla., and Springfield, Mass., at 45 deg to the vertical and facing 
south. The specimens were not confined in a frame but were 
supported on the edges only. After the desired exposure time, 
the specimens were rinsed lightly with warm water to remove 
all surface dirt and other extraneous matter. The desired test 
samples were then cut out of the 12-in. X 12-in. exposed speci- 
mens. 

To determine the effect of ultraviolet exposure on the per- 
manence of these materials, test specimens were exposed under a 
General Electric S-1 sun lamp as specified in A.S.T.M. Designa- 
tion D620-41T (14), at a distance of 6 in. from the bottom of 
the bulb. Samples were so placed on the turntable that each 
received the same light intensity. Only S-1 bulbs which had 
been burned more than 50 and less than 500 hr were used. 

To determine the effect of heat on the permanence properties, 
samples were exposed in a circulating-air oven operating at 50 C. 

The type of apparatus used has been described previously (2). 

Reported values represent the arithmetic mean of at least 
five determinations, and the plus or minus limits shown represent 
the arithmetic-mean deviation of the individual values from the 
mean. 


GENERAL Errects oF WEATHER EXPOSURE 


The general effects of outdoor exposure on cellulose ester 
plastics may be summarized as follows: 


1 The base cellulose ester is degraded. Both saponification 
and molecular degradation due to breaking of the cellulose chain, 
with the formation of lower-molecular-weight fractions, may 
occur. The latter reaction is usually the more important; the 
extent of saponification is different for different cellulose esters. 
Thus considerable denitration of cellulose nitrate takes place 
during weathering, but relatively little deacetylation of cellulose 
acetate has been observed. The degree of degradation is depend- 
ent upon the length of exposure and upon the intensity of the 
incident radiation. 

2 Plasticizer is lost by evaporation and by leaching. 
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3 The color of the material may be changed due to darkening 
or bleaching of added colorants, or, in the case of plastics con- 
taining no added color, to darkening or bleaching of the plastic 
material itself. Uncolored cellulose-acetate plastics usually 
bleach and become lighter in color upon prolonged exposure, but 
cellulose-nitrate formulations usually yellow and become darker. 

4 Because of loss of plasticizer and degradation of the base 
plastic, shrinkage usually occurs upon prolonged exposure, and 
this may be accompanied by warping also. 

5 Fine surface cracks, known as crazing (21), and deeper 
cracks, penetrating nearly through the sheets, form after extended 
exposure. These are the result of shrinkage and general de- 
terioration of mechanical properties of the plastic. Crazing 
nearly always occurs first, because both shrinkage and degrada- 
tion are most severe at the surface of the sheet. The deeper 
cracks usually occur only after prolonged exposure. Crazing is 
generally taken as the criterion of failure for materials whose use 
is optical in nature. 

6 Stress frozen in the plastic by the particular manufacturing 
process used, and other imperfections, are usually released upon 
extended exposure, thus impairing the surface quality of the 
object. 


TENSILE PROPERTIES 


Tensile properties were determined by the method specified in 
A.S.T.M. Designation D638-44T (15); the method specified 
by Federal Specification L-P-406a (16) is identical. Stress- 
strain data were determined at a crosshead speed of 0.20 ipm. 
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0.125" CELLULOSE ACETATE, FLORIDA 


ELONGATION —% 


TENSILE STRESS-P.S.1 


DURATION OF EXPOSURE — MONTHS: 


Fic. 1 Errecr or ExposurE TO WEATHER AT MIAMI, FUuA., ON 
TENSILE PROPERTIES OF CELLULOSE-ACETATE SHEET PLASTIC 


Lffect of Subtropical Exposure. The effect of exposure at 
Miami, Fla., on the tensile strength (ultimate), yield stress, and 
elongation is shown graphically in Fig. 1, for the cellulose- 
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acetate, and in Fig. 2, for the cellulose-nitrate sheets. Fig. 3 
shows graphically the effect of Florida exposure on the modulus 
of elasticity of these two materials. 

Table 1 summarizes the effect of Florida exposure on the 
modulus of elasticity, yield stress, tensile strength, and elongation 
(at break) of the cellulose-acetate sheet plastic. Table 2 sum- 
marizes similar data for the cellulose-nitrate sheets. 

Effect of Temperate Exposure. The effect of exposure at 
Springfield, Mass., on the tensile strength (ultimate), yield stress, 
and elongation (at break) is shown graphically in Fig. 4 for the 
cellulose-acetate, and in Fig. 5, for the cellulose-nitrate sheets. 
Fig. 6 shows the effect of such exposure on the modulus of elas- 
ticity of these two materials. 
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Fig, 2. Errecr or Exposure TO WEATHER AT Miami, FLA., ON 
TENSILE PROPERTIES OF CELLULOSE-NITRATE SHEET PLASTIC 
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Fic. 3. Errecr or Exposure To WEATHER AT MIAMI, FLa., ON 
Mopvu.us or Enasticiry oF CELLULOSE-ACETATE AND CELLULOSE- 
NITRATE SHEET PLASTICS 


TABLE 1 EFFECT OF FLORIDA AND MASSACHUSETTS Uni TENSILE PROPERTIES OF CELLULOSE-ACETATE SHEET 


Exposure -—Modulus of elasticity, psi X 10®— Yield stress, psi — -——tTensile strength, psi-———. -—Elongation, per cent—~ 
time, months Florida Mass. Florida Mass. Florida Mass. Florida Mass. 
Original) 2.70 + 0.03 2.70 = 0.03 4970 = 75 4970 + 75 5540 = 80 5540 + 80 40 = 6 40 = 6 
3 2.93 = 0.02 2.80 = 0.04 4650 + 80 4800 + 93 5175 = 75 5310 + 96 33 = 5 35 += 2 
6 3.16 + 0.04 2.96 = 0.03 4360 = 95 4520 + 111 5080 + 68 5130 + 76 28 = 4 30 + 3 
9 3.46 + 0.04 3.11 = 0.02 4120 + 73 4340 + 56 4960 + 110 5030 + 68 24 = 3 27 = 4 
12 3.88 + 0.05 3.41 += 0.05 3990 + 110 4300 + 61 4890 + 95 5010 + 79 20 = 3 24 += 3 


Norn; Specimens, 0.125 in., preconditioned 48 hr at 50 C, and stored in desiccator. Tested at 0,2 ipm crosshead speed, 


TABLE 2 EFFECT OF FLORIDA AND MASSACHUSETTS Bo TENSILE PROPERTIES OF CELLULOSE-NITRATE SHEET 


Hixposure time, —Modulus of amshe re x 10e— 


months Florida ass. 

Original 2.04 + 0.01 2.04 + 0.01 
1 2.17 + 0.02 2,12 = 0.03 
he 2.30 + 0.02 2.20 + 0.01 
3 2.44 + 0.03 2.28 += 0.01 
4 eet. ; 2.37 = 0.02 
5 2.45 + 0.08 
Gig hs: OEE Ae eae) Oe a eer oS 

Norn: 


-——Yield stress, psi 
M 


Florida 


5840 = 64 
4610 + 87 
3880 + 79 


&58. 


5840 + 64 
5730 + 80 
5430 + 71 
5090 + 76 
4310 + 57 


Specimens, 0.125 in., preconditioned 48 hr at 50 C, and stored in desiccator, 


-——Tensile strength, psi-—~ 


Florida 


Mass, 
6570 + 115 
6410 = 63 
6160 + 81 
5800 += 93 
5000 + 79 
3270 = 52 
1520 + 33 


-——Elongation, per cent——~ 
M 


Florida ass. 
38 = 2 38 + 
14 + 3 27 = 
3.1 + 0.20 17 = 
1.0 + 0.07 9 = 
O11 4°+- 
0-1 tO: = 


Tested at 0.2 ipm crosshead speed. 
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Fic. 4 Errect or Exposure TO WEATHER AT SPRINGFIELD, M4ss., 
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Fie. 5 Errecr or Exposure TO WEATHER AT SPRINGFIELD, M48s., 
on TENSILE PROPERTIES OF CELLULOSE-NITRATE SHEET PLASTICS 


4 6 8 
DURATION OF EXPOSURE —- MONTHS 


Fie.6 Errecr or Exposure TO WEATHER AT SPRINGFIELD, Mass., 
on Moputus or Evasticiry of CELLULOSE-ACETATE AND CELLU- 
LOSE-NITRATE SHEET PLASTICS 


0.010" CELLULOSE WITRATE 


TENSILE STRESS—PSI, 


Fic. 7 Errecr or Hear, Licutr, AND ExposurE TO WEATHER AT 
SPRINGFIELD, Mass., ON STRESS-STRAIN PROPERTIES OF CELLULOSE- 
Nirrate SHEET PrLastic 


Table 1 summarizes the effect of Springfield exposure on the 
modulus of elasticity, yield stress, tensile strength, and elongation 
of the cellulose-acetate sheets. Table 2 summarizes similar data 
for the cellulose-nitrate sheets. 

Effect of Various Accelerated Aging Environments. Cellulose- 
nitrate plastic (0.010 in.) was subjected to various accelerated 
aging tests, namely, (a) 48 hr under an S-1 sunlamp at a distance 
of 6 in., (b) 14 days in a circulating-air oven at 50 C, and (c) 2 
months’ outdoor exposure at Springfield. At the end of the 
designated exposure time, stress-strain data were determined. 
These tests were run on a Scott IP-4, tilting-table tensile tester 
at 600 rpm. Stress-strain relationships after the various ex- 
posures are shown graphically in Fig, 7. 

This material was of the same composition as that used in the 
rest of this work, but taken from a different production lot. 


EFFECT ON GENERAL PROPERTIES 


Impact Properties. Impact properties were determined by the 
Charpy method, in accordance with the procedure described in 
A.S.T.M. Designation D256-43T (17). Specimens 0.125 in. 
thick, 0.5 in. wide, and 5 in. long were notched with a single- 
tooth milling cutter at 400 rpm, and wire-bound together in 
groups of four to give the correct aggregate width (0.5 in.). 

The effect of Florida and Massachusetts exposure on impact 
strength for both the cellulose-acetate and cellulose-nitrate 
plastics is shown graphically in Fig. 8. These data are sum- 
marized in Tables 3 and 4. 
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Fig. 8 Eprrecr or Exposure TO WEATHER AT SPRINGFIELD, Maas., 
anp Mrami, Fxua., oN Impact STRENGTH OF CELLULOSE-ACETATE 
AND CELLULOSE-NiITRATE SHEET PLASTICS 


TABLE 3 EFFECT OF FLORIDA AND MASSACHUSETTS EX- 


POSURE ON IMPACT STRENGTH OF CELLULOSE-ACETATE 
SHEET PLASTIC 

Exposure time, -———-Impact strength, ft-lb per in., notch— 
months Florida Massachusetts 
Original 3.28 + 0.09 3.28 + 0.09 

3 3.04 + 0.11 3.14 = 0.18 

6 2.81, +20.17 2.93 + 0.24 

9 2.51 = 0.09 2.67 = 0.17 

12 2.01 0na9 2.20 = 0.18 


Nore: Specimens preconditioned 48 hr at 50 C, and stored in desicvator 
Specimens comprised four 0.125-in. plates, broken edgewise. 


FLORIDA AND MASSACHUSETTS EX- 


TABLE 4 EFFECT OF : 
CELLULOSE-NITRATE 


POSURE ON IMPACT STRENGTH OF 
SHEET PLASTIC 


Exposure time, -—————Impact strength, ft-lb per in., notch 


months Florida Massachusetts 
Original 4.13 + 0.08 4.13 + 0.08 
1 2:56.42 0.18 3.07 += 0.12 
2 LeZt as 0.14 2.09 + 0.11 
3 0°33" =) 002 1.32: = 0:09 
ee PER so Ae teres wana 0.62 + 0.07 
i 2 me te ere 0.15 + 0.01 


Nore: Specimens preconditioned 48 hr at 50 C, and stored in desiceator. 
Specimens comprised four 0.125-in. plates, broken edgewise. 
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were determined by the Bowen-Kline method, in accordance with 
the procedure described in A.S.T.M. Designation D672-42T 
(18). Specimens 0.125 in. thick, 3 in. square were used. 

The effect of Florida and Massachusetts exposure on the light 
transmission of both cellulose-acetate and _ cellulose-nitrate 
plastics is shown graphically in Fig. 9. These data are sum- 
marized in Table 5 and Table 6. 

The effect of Florida and Massachusetts exposure on the haze 
of both cellulose-acetate and cellulose-nitrate plastics is shown 
graphically in Fig. 10. These data are summarized in Table 5 
and Table 6. 

Figs. 11 and 12 show the general appearance of cellulose- 
acetate and cellulose-nitrate sheets, respectively, after various 
lengths of exposure in Florida. 

Shrinkage. Shrinkage was determined by scnbing marks 10 
in. apart in both directions of the 12-in. X 12-in. plastic sheets. 
The distance between marks was measured to within 0.01 in. 
before and after exposure. The percentage of shrinkage reported 
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Fic. 9 Errect or ExPposuRE TO WEATHER AT SPRINGFIELD, Mass., 
anp Mra, Fua., on Light TRANSMISSION OF CELLULOSE-ACETATE 


AND CELLULOSE-NITRATE SHEET PLASTICS 
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Fie. 10 Errnect or Exposurr TO WEATHER AT SPRINGFIELD, MAss., 


AND Miami, FuA., oN Haze or CELLULOSE-ACETATE AND CELLULOSE- 


NITRATE SHEET PLASTICS 


TABLE 5 EFFECT OF FLORIDA AND MASSACHUSETTS EX- 
POSURE ON LIGHT TRANSMISSION AND HAZE OF CELLULOSE- 
ACETATE SHEET PLASTIC 


Light transmission, 


Exposure time, per cent S -——Haze, per cent——~. 
months Florida Mass. Florida Mass. 
Original 89.9 89.9 3.1 3.1 

3 90.1 90.2 3.6 3.4 
6 90.3 90.9 5.0 4.6 
9 90.9 91.4 7.3 6.4 
12 91.2 Fe § 9.8 8.7 


TABLE 6 EFFECT OF FLORIDA AND MASSACHUSETTS EX- 
POSURE ON LIGHT TRANSMISSION AND HAZE OF CELLULOSE- 
NITRATE SHEET PLASTIC 


Light transmission, 


Exposure time, per cent————. 


——Haze, per cent—— 


months Florida Mass. Florida Mass. 
Original 90.1 90.1 2.5 2.5 
1 83.8 85.1 4.5 3.0 
2 76.3 80.1 sty Ue) 4.3 
3 71.0 74.7 22.0 8.9 
4 66.9 70.8 35.1 17.2 
5 63.0 Bred 53.1 30.8 
6 60.0 63.5 16.6 49 5 
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was calculated by dividing the difference in length between 
marks before and after exposure by the original length. The 
values reported are the average of the two directions. 

The effect of Florida and Massachusetts exposure on the 
shrinkage of both cellulose-acetate and cellulose-nitrate plastic 
sheets is shown graphically in Fig. 138. These data are sum- 
marized in Table 7 and Table 8. 

Abrasion Resistance. The abrasion resistance of cellulose- 
acetate and cellulose-nitrate sheet plastics was determined by the 
Boor abrader, in accordance with A.S.T.M. Designation D673- 
42T (19). Specimens 0.125 in. thick and 2 in. square were used. 
The specimens were preconditioned 48 hr at 50 C and stored in a 
desiccator prior to testing. 

The effect of the amount of abrasive on the percentage of 
original gloss for both cellulose-acetate and cellulose-nitrate sheet 
plastic is shown in Fig. 14. Data are summarized in Table 9. 

Water Absorption. The percentage of water absorption for 
cellulose-acetate and cellulose-nitrate sheet plastics was deter- 
mined in accordance with A.S.T.M. Designation D570—42 (20). 
In addition, long-time water-absorption tests were run to deter- 
mine the time for the plastic to reach equilibrium. 
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ae TABLE 7 EFFECT OF FLORIDA AND MASSACHUSETTS EX- 


Exposure time, 
months 


Original 
3 
6 


9 
12 


Exposure time, 
months 


Original 


3 MONTHS — 


DOWN 


Grams of 
abrasive 


Norn: ) 
stored in desiccator. 


6 MONTHS © 


Boor abrader used, 


POSURE ON SHRINKAGE OF CELLULOSE-ACETATE PLASTIC 


Shrinkage, per cent: 


Florida Maas. 
0.03 0.01 
0.58 0.33 
1.42 0.96 
2.18 1.62 


TABLE 8 EFFECT OF FLORIDA AND MASSACHUSETTS EX- 
POSURE OF SHRINKAGE OF CELLULOSE-NITRATE PLASTIC 


Shrinkage, per cent 


Florida Mass. 
0.12 0.09 
0.28 0.22 
0.48 0.37 
0.71 0.56 
0.96 0.76 
1.21 0.98 


TABLE 9 EFFECT OF AMOUNT OF ABRASIVE ON PERCENTAGE 
; OF ORIGINAL GLOSS FOR CELLULOSE-ACETATE AND CELLU- 
j LOSE-NITRATE SHEET PLASTICS 


——Per cent of original gloss 


Cellulose Cellulose 
acetate nitrate 
94.8 94.1 
89.0 88.4 
81.4 77.3 
69.0 67.1 
64.3 60.8 


Samples preconditioned 48 br at 50 C, and 


i The effect of immersion time on the total water absorption is 
aa shown graphically in Fig. 15, for cellulose-acetate, and in Fig. 16 
for cellulose-nitrate plastic. 


The effect of immersion time on 


percentage of solubles lost is shown graphically in Fig. 17 for 
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cellulose-acetate, and in Fig. 18, for cellulose-nitrate plastic. 
These data are summarized in Table 10 and Table 11. 

Viscosity and Molecular Weight. The effect of Florida ex- 
posure on the viscosity and molecular weight of the base cellulose 
esters in cellulose-acetate and cellulose-nitrate sheet plastic was 
determined. Viscosity measurements were made at 25 C + 
0.02 deg using Fenske pipettes. The exposed plastic was dis- 
solved in anhydrous acetone, and the cellulose acetate or 
cellulose nitrate was precipitated with a nonsolvent, washed, 
and dried. The dried ester was dissolved in anhydrous acetone, 
and concentrations to give 7, = 1.2-1.3 were chosen. 

Viscosity was determined both on the whole plastic sheet and 
on the surface portion only. In the latter case, the surface was 


TABLE 10 
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cellulose acetate and cellulose nitrate is shown in Fig. 19. These 
data are summarized in Tables 12 and 13. 


Discussion OF RESULTS 


The effects of temperature, humidity, and testing speed on the 
mechanical properties of cellulose-acetate and cellulose-nitrate 
sheet plastics have been pointed out previously by Lawton, 
Carswell, and Nason (2). The data presented herein show the 
effect of some environmental conditions on the permanence of 
these two plastic materials. 

Cellulose acetate is moderately resistant to outdoor aging, 
whereas cellulose nitrate tends to degrade and lose its properties 
rather rapidly. Cellulose acetate is more sensitive to moisture 


EFFECT OF IMMERSION TIME ON TOTAL WATER ABSORPTION OF CELLULOSE 


ACETATE AND CELLULOSE-NITRATE PLASTICS 


Total eter absorption, per cent - 


——0.010 in. —— 0.030 — 0 in. 0. 125 in. 
Immersion Cellulose Cellulose Cellulose Callolose Cellulose Cellulose Cellulose Cellulose. 
time, hr acetate nitrate acetate nitrate acetate nitrate acetate nitrate 
4 6.69 2.22 3.36 1.31 1.61 0.85 1.04 0.43 
10 7.18 2.29 5.27 1.83 2.73 1.10 1.32 0.65 
18 7.50 2.32 6.28 2.08 3.86 1.43 1.83 0.89 
24 7.43 2.36 6.52 2.19 4.25 1.59 2.08 0.98 
36 7.60 2.38 7.01 2.28 5.13 1.85 2.53 1.23 
48 7.80 2.40 7.32 2.37 5.74 2.07 2.99 1.43 
72 7.81 2.43 7.57 2.40 7.00 2.36 4.41 yes 
96 7.85 2.43 7.83 2.43 7.69 2.41 5.58 2.05 
120 7.87 2.44 7.85 2.43 7.85 2.43 6.85 2.25 
TABLE 11 EFFECT OF IMMERSION TIME ON SOLUBLES LOST FOR CELLULOSE-ACETATE AND 
CELLULOSE-NITRATE PLASTICS 
-— os abi lost, per cent aa 
—0.010 in.——_. ——0.030 0.060 in, 0.125 in. 
Immersion Cellulose Cellulose Cellulose Callens Cellulose Cellulose Cellulose Cellulose 
time, hr acetate nitrate acetate nitrate acetate nitrate acetate nitrate 
4 0.43 0.15 0.24 0,05 0.11 0.04 0.02 0.02 
10 0.67 0.25 0.50 0.07 0.21 0.05 0.04 0.03 
18 1.02 0.27 0.74 0.08 0.33 0.06 0.07 0.04 
24 1.21 0.30 0.83 0.14 0.38 0.07 0.09 0.05 
36 1.58 0.35 1.01 0.15 0.51 0.08 0.09 0.06 
48 1.91 0.36 1.13 0.20 0.53 0.09 0.16 0.08 
72 2.14 0.36 1.36 0.25 0.69 0.13 0.22 0.10 
96 2.24 0.37 1.54 0.30 0.77 0.16 0.26 0.13 
120 2.26 0.38 1.68 0.33 0.82 0.19 0.38 0.16 
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scraped off and then dissolved and precipitated. 
Molecular weight was calculated by the equation 


MKce = Inn, 


where M = 
K= 


weight average molecular weight 
Staudinger’s constant: 

K = 10.25 X 10~‘ for cellulose acetate 
K = 11.00 X 10~‘ for cellulose nitrate 
concentration, unit mols per liter 
relative viscosity 


= 


hi = 


The effect of Florida exposure on the molecular weight of 


TABLE 12 EFFECT OF FLORIDA EXPOSURE ae MOLECULAR 
WEIGHT OF CELLULOSE ACETAT 
Molecular weight, 


Exposure time, Molecular weight, 


months whole plastic surface of plastic 
Original 48100 48100 
3 47300 44600 
6 46600 43100 
9 46100 37500 
12 45200 35200 


TABLE 13 EFFECT OF FLORIDA EXPOSURE ON MOLECULAR 
WEIGHT OF CELLULOSE NITRATE 
Molecular weight, 


Exposure time, Molecular weight, 


months whole plastic surface of plastic 
Original 42100 42100 

1 38200 16800 

2 35100 7400 

3 31900 5100 

4 28900 4400 

5 26600 4100 

6 25400 3500 


than cellulose nitrate, whereas the effect of temperature is about 
the same for both. 

Tensile strength, elongation, and yield stress for both cellulose 
acetate and cellulose nitrate decrease with increasing outdoor 
exposure time, until the material eventually degrades so badly 
that mechanical properties cannot be measured. The modulus 
of elasticity increases with increasing exposure time as long as 
the material remains sufficiently coherent to be tested. 

Approximately three times as long is required to degrade 
cellulose acetate as is required for cellulose nitrate. The degra- 
dation of cellulose nitrate appears to start soon after ex- 
posure, whereas, in cellulose acetate, a more gradual change is 
noted. 

Two months of outdoor exposure is a more severe test for 
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cellulose nitrate than 2 weeks at 50 C, or 48 hr under an S-1 
sun lamp. 

The impact strength for both cellulose acetate and cellulose 
nitrate decreases with increasing exposure, whereas haze, 
light transmission, and shrinkage increase. The increase in light 
transmission of cellulose acetate upon exposure is thought to be 
due to a bleaching action. With cellulose nitrate, light trans- 
mission decreases with increasing exposure, as would be expected. 

Exposure in Miami, Fla., is more severe than at Springfield, 
Mass. To obtain the same effect as 1 year exposure in Florida, 
approximately 15 months’ exposure in Massachusetts is required. 
This ratio appears to be the same for both cellulose-acetate and 
cellulose-nitrate sheet plastic. 

The degradation from outdoor exposure can be measured by 
change in viscosity. Viscosity measurements showed that for 
both cellulose-acetate and cellulose-nitrate sheet plastic most of 
the degradation was on the surface. As the exposure time 
increases the degradation penetrates deeper into the sheet. 
Cellulose nitrate shows a much greater decrease in molecular 
weight than does cellulose acetate for the same exposure time. 

After 12 months in Florida, the cellulose-acetate plastic sheet 
lost approximately 20 per cent of its plasticizer, whereas the 
cellulose-nitrate sheet lost 33 per cent plasticizer after 6 months’ 
exposure in Florida. Since the center of the plastic sheets ap- 
peared to be unchanged, undoubtedly the plasticizer was lost 
' from the surface of the sheets. 

Water-immersion tests showed that cellulose nitrate is more 
resistant to moisture than cellulose acetate. On continual im- 
mersion, both materials appear to approach equilibrium. 

The data given in this report are for typical production ma- 
terials and are known to be representative. Since they are based 
on a limited number of tests and on only a few samples of ma- 
terials, they should not be regarded as minimum values for 
design or specification purposes. A much larger number of tests 
should be made and evaluated statistically before any such values 
are set up. 


ACKNOWLEDGMENT 


The authors are indebted to Mr. J. H. Watt and Miss Dorothy 
L. Woodruff for assistance with much of the test work, to Mr. M. 
Ziemba for handling the outdoor-exposure samples, and to Dr. 
C. K. Bump for the photographs. The interest and encourage- 
ment of Mr. T. S. Carswell is gratefully acknowledged. 


BIBLIOGRAPHY 


1 “Effect of Environmental Conditions on the Mechanical 
Properties of Organic Plastics,’’ by T. S. Carswell and H. K. Nason, 
paper presented at A.S.T.M. Symposium on Plastics, Philadelphia, 
Pa., Feb. 22, 1944; Modern Plastics, vol. 21, June, 1944, pp. 121-126, 
158, and 160, and vol. 21, July, 1944, pp. 125-130, 160, and 162. 

2 “Effect of Environmental Conditions on Cellulose Acetate 
and Nitrate Sheets,’’ by T. S. Lawton, Jr., T. S. Carswell, and H. K. 
Nason; paper presented before the Rubber and Plastics Division, 
A.S.M.E., Pittsburgh, Pa., June 22, 1944; Modern Plastics, vol. 22, 
Oct., 1944, pp. 145-152, and 188. 

3 ‘1943 Plastics Catalog,’”’ Plastics Catalog Corporation, New 
York, N. Y., pp. 290-291. 

4 “Handbook of Plastics,” by H. R. Simonds, C. Ellis, and 
M. H. Bigelow, D. Van Nostrand Company, New York, N. Y., 1948, 
pp. 510-513. 

5 ‘Plastic, Sheet, Cellulose-Acetate Base,’’ Air Corps Speci- 
fication No. 12025-B, issued Nov. 19, 1940, amended Sept. 27 1943. 
Materiel Division, U.S.A.A.F., Wright Field, Dayton, Ohio. 

6 ‘Plastic, Transparent, Flame-Resisting Sheet,’’ Navy Aero- 
nautical Specification P-41c, Feb. 22, 1943. 

7 “Proposed Tentative Specifications for Cellulose Acetate 
Plastic Sheets,” A.S.T.M. Designation D786-44T. A.S.T.M. 1944 
preprint no. 84, report of Committee D-20 on plastics, pp. 45-47. 

8 ‘Mechanical Tests of Cellulose Acetate,’ by W. N. Findley, 
Trans. A.S.T.M., vol. 41, 1941, pp. 1231-1245; Modern Plastics, 
vol. 19, Sept., 1941, pp. 57-62, and 78. 


265 


9 ‘Mechanical Tests of Cellulose Acetate. Part II on Creep,” 
by W. N. Findley, Trans. A.S.T.M., vol. 42, 1942, pp. 914-922; 
Modern Plastics, vol. 19, Aug., 1942, pp. 71-73, and 114. 

10 “Mechanical Tests of Cellulose Acetate—III,” by W. N. 
Findley, Trans. A.S.M.E., vol. 65, 1943, pp. 479-487; Modern 
Plastics, vol. 20, March, 1943, pp. 99-105, and 138. 

11 ‘Proposed Revised Tentative Specifications for Cellulose 
Nitrate (Pyroxylin) Plastic Sheets, Rods, and Tubes,” A.S.T.M. 
Designation D701-44T. A.S.T.M. 1944 preprint, Report of Com- 
‘mittee D-20 on plastics, pp. 66-70. 

12 “Plastic Sheet, Cellulose-Nitrate Base,’’ U. S. Army Speci- 
fication 95-12008B, Materiel Division, U.S.A.A.F., Wright Field, 
Dayton, Ohio, Dec. 28, 1940. 

13 “Triangles, Pyroxylin,”’ 
Washington, Sept. 4, 1934. 

14 “Tentative Method of Test for Colorfastness of Plastics to 
Light,” A.S.T.M. Designation D620-41T, A.S.T.M. Standards, 
1942, part III, pp. 1223-1225. 


15 “Tentative Method of Test for Tensile Properties of Plastics,” 
A.S.T.M. Designation D638-44T, proposed. revision. A.S.T.M. 
1944 preprint no. 84, Report of Committee D-20 on plastics, pp. 8-9. 


16 ‘‘Plastics, Organic, General Specifications, Test Methods,” 
Federal Specification L-P-406a, Government Printing Office, Wash- 
ington, D. C., Jan. 24, 1944. 


17 ‘Tentative Methods of Test for Impact Resistance of Plastics 
and Electrical Insulating Materials,’’ A.S.T.M. Designation D256- 
43T, A.S.T.M. Standards, 1943 Supplement, Part III, pp. 249-254. 


18 ‘Tentative Method of Test for Haze of Transparent Plastics 
by Photoelectric Cell,’’ A.S.T.M. Designation D672-42T, A.S.T.M. 
Standards, 1942, part III, pp. 1260-1262. 


19 ‘Tentative Method of Test for Mar Resistance of Plastics,” 
A.S.T.M. Designation D673-42T, A.S.T.M. Standards, 1942, part 
III, pp. 1263-1267. 


20 “Standard Method of Test for Water Absorption of Plastics,” 


A.S.T.M. Designation D570-42, A.S.T.M. Standards, 1942, part 
III, pp. 400-402. 


21 “Tentative Descriptive Nomenclature for Objects Made From 
Plastics,” A.S.T.M. Designation D675-43T, A.S.T.M. Standards, 
1943 Supplement, Captions part III, pp. 364-368. 


Federal Specification GG-T-671, 


Discussion 


M. L. Macur.* The facts which the authors have so ably 
presented lead one to the obvious conclusion that the proper selec- 
tion of a plastic for any specific application is a compromise 
based on the selection of characteristics which are essential for 
the particular job. For example, it is obvious from a reference to 
Figs. 1 and 8 that the tensile and impact strengths of cellulose- 
nitrate plastics deteriorate more rapidly on outdoor exposure than 
do those of cellulose acetate. On the other hand, reference to 
Figs. 15 and 16 shows conclusively that the water absorption of 
cellulose acetate, and hence moisture sensitivity, is higher by a 
ratio of approximately 4 to 1 for cellulose acetate. Conse- 
quently, one would select cellulose nitrate for an application in 
which the finished article is used indoors. Thus for a drawing 
instrument, where warpage and dimensional change due to varia- 
tions in atmospheric humidity are of importance, it would be 
ideal. On the other hand, cellulose acetate would be preferred 
over nitrate for applications in which outdoor exposure must be 
encountered. This difference in moisture sensitivity has been 
borne out in practice time and again for indoor applications, in 
which cellulose-nitrate sheeting has been shown to lie flatter and 
warp less than do cellulose-acetate sheets. 

In order that misconceptions do not arise, the apparently 
anomalous results reported in Fig. 3, in which modulus of elastic- 
ity increases as a result of exposure, are deserving of some further 
discussion. The increase in modulus of elasticity is of course 
obviously due to plasticizer loss. However, it is accompanied by 


3. I. du Pont de Nemours & Company, Plastics Department, 
Arlington, N. J. 
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such a marked decrease in impact strength and in tensile strength AUTHORS’ CLOSURE 
that it would not be wise to count on the increase in any design Mr. Macht’s remarks are well taken and we agree on the 
calculations which might be based on these figures. points he has emphasized. 
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Properties and Development of Papreg—A 
High-Strength Laminated Paper Plastic: 


By E. C. O. ERICKSON! ano G. E. MACKIN! 


Papreg the new paper-base laminate which has re- 
cently found application in aircraft and other strength 
structures resulted from research at the Forest Products 
Laboratory. Having more than twice the tensile strength 
and improved mechanical properties compared with the 
best earlier paper-base laminates, papreg also lends itself 
to low-pressure molding techniques and can be formed to 
moderate double curvature without special treatment. 
This paper reviews the development work, the character- 
istics, properties, and service experience with papreg. 


INTRODUCTION 


S the result of research at the Forest Products Laboratory, 
A a laminated paper plastic is now being produced with 
more than twice the tensile strength and with improve- 
ment in most other mechanical properties over the best conven- 
tional paper-base laminates formerly available. This new paper 
plastic, termed “‘papreg,”’ has attracted the attention of aircraft 
and other manufacturers because of its higher strength char- 
acteristics. It has a density about one half that of aluminum 
and can be produced as a comparatively uniform product. It 
has a smooth hard surface and reasonable moisture and decay 
resistance. It has been molded to moderate double curvature 
without special treatment, and slight taper or gage variations are 
readily achieved. It lends itself to low-pressure molding tech- 
niques, and has been satisfactorily postformed to moderate double 
curvature. 

Prior to the development of papreg, laminated plastics, because 
of insufficient strength, had found acceptance only in limited 
fields. Typical applications included electrical-insulation panels, 
table tops, and other nonstructural uses. With the attainment 
of higher strength in the new material, a wider use of paper-base 
laminates is now realized in aircraft and other products. 

The development work covered investigations on (a) the suita- 
bility of several species of wood, pulped by several processes such 
as the sulphate and sulphite, and in a limited way on other mate- 
rials, such as cotton, flax, and rag; (6) fiber properties and pulp- 
processing variations; (c) special papermaking procedures; (d) 
impregnation of paper with resin; (e) molding of the laminated 
sheets; and (f) evaluation of the plastic in terms of its physical 
and mechanical properties (1).2_ During this development, the 
Forest Products Laboratory has consulted with pulp and paper 
manufacturers, impregnators, resin manufacturers, and lamina- 
tors in the analysis of the separate process problems of each. 


DEVELOPMENT OF PAPREG 


Analysis of the components of laminated paper plastics showed 


1 Engineer and Industrial Specialist, respectively, Forest Prod- 
ucts Laboratory, Forest Service, U. S. Department of Agriculture, 
maintained at Madison, Wis., in co-operation with the University of 
Wisconsin. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Rubber and Plastics Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of 
Tue AMERICAN Sociery oF MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


the major strength-producing factor to be the base paper, and 
since the properties of paper are to a large extent affected by the 
type of fibers used, a survey of available pulps representing differ- 
ent kinds of fibers was initiated early in the work. Modifications 
of standard pulping, fiber-processing, and papermaking pro- 
cedures were developed using the Laboratory’s experimental 
pulp- and papermaking equipment to achieve the superior 
properties. 

Several hundred experimental papers were made during this 
work. It was found that papers giving the highest-strength 
papreg are those obtained from pulps, either sulphate, acid sul- 
phite, or neutral sulphite, produced with a minimum of cooking 
required for making a well-fiberized pulp, and a minimum of 
bleaching, beating, and jordaning, all of which tend to reduce 
the native strength of the individual fiber. From a study of 
the papermaking requirements investigated, it was found that 
papers having the following properties are suitable for high- 
strength laminated plastic: 


Ream weight (25 X 40 — 500)............ 25 to 40 lb 

"Thickness ircrastemarsa esas thatels biel se er suexnay seers 0.001 to 0.004 in. 
DSDBiby irr te Aine a ainiordie eo ati cece hee 0.60 to 0.75 g per cc 
Minimum tensile strength: 

LEN (ERD. o comaconeiooncobhceno.nogatao dpe 10000 psi 

Fi @ross*zrainseeeeeton a May eed, ete 4000 psi 


Porosity (Gurley densometer, 100 cc) less than 30 sec 


The papermaking experiments showed that high tensile 
strength in one direction could be obtained by alignment of fibers 
during the formation of the sheet and that the relatively high 
density could be obtained by employing high wet-press pressure 
without reducing the absorbent characteristics of the sheet below 
that required for satisfactory impregnation (2). It was also 
found that densification of the sheet by calendering was ad- 
vantageous, since in this way equal or higher strengths than when 
uncalendered paper was used (3) could be obtained in laminates 
molded at lower pressures. 

Impregnation of paper with resin involves a number of factors 
that greatly affect the physical properties of the ultimate plastic. 
Among the important factors recognized are the resin and volatile 
content of the treated paper, the temperature of drying the im- 
pregnated sheet, time of absorption of resin, kind of resin diluent, 
and kinds of resin. Although many different resins were in- 
vestigated in the development of papreg, considerations of 
availability as well as resultant properties led to the selection of 
spirit-soluble phenolic-type resins for this purpose. 

Results showed that there is an optimum resin content for the 
production of desired plastic properties for each type of fiber and 
for the particular molding pressure used. Relatively high resin 
content imparts better water resistance to the finished papreg, 
but some strength properties are lowered. For laminating 
pressures of approximately 250 psi, a resin content of 30 to 40 
per cent is most desirable for over-all optimum properties. Fig. 1 
shows the effect of resin content of the impregnated sheet on the 
properties of papreg, laminated under standard conditions. 
Within the indicated range of resin contents and: provided the 
volatile content is maintained constant, the strength properties 
of the plastic are not greatly affected by variations of the resin 
content (4). 
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RESIN CONTENT (PERCENT) 


Fic. 1 Errecr or Resin ContTENT ON CERTAIN 


Properties of the papreg are considerably affected by the vola- 
tile content of the resin-treated paper (4). High volatile content 
(about 7 per cent) causes greater flow of the resin under the heat 
and pressure of laminating and results in lower strength values 
of the plastic than those obtained with treated paper having a 
volatile content of about 4 per cent. 

In order to avoid the necessity of using steel dies and to utilize 
low-capacity presses for laminating, 250 psi was fixed as the upper 
limit of pressure to be used. However, the effects of using both 
higher and lower pressures were investigated (4). Fig. 2 shows 
the effects of laminating pressure on the properties of papreg. 


PROPERTIES OF PAPREG 


The development work previously discussed resulted in a 
decision to adopt as a standard the product resulting from a cer- 
tain combination of materials and processing procedures, and to 
carry out a series of tests to determine the basic engineering 
properties of this standardized product (designated “Improved 
Standard, June, 1943”). Some data on high-strength paper 
laminates have appeared in publications during the past 2 years 
(5, 6, 7). 

Although satisfactory materials were produced from other 
species such as balsam fir and Western hemlock, processed by the 
previously mentioned pulping methods, evaluations for basic 
properties made at the Forest Products Laboratory were con- 
fined to a standardized papreg made from spruce Mitscherlich- 
type sulphite paper impregnated with a phenolic-type thermo- 
setting resin. The resin content was about 36 per cent, and the 
volatile content was 4.5 per cent. The material for test consisted 
of parallel-laminated and cross-laminated flat panels, approxi- 
mately 11 in. square, some !/s in. and others !/2 in. in thickness. 
The !/; and !/2-in-thick panels were molded from approximately 
70 and 280 sheets of treated paper, respectively, and were pressed 
for 12 and 25 min, respectively, at 250 psi. The temperature of 
the hot-press platens was 325 F. The panels were removed 
from the press immediately after pressing and allowed to cool in 
air at room temperature. Material constituted and processed 
in this way is identified as Improved Standard, June, 1943. 
The specific gravity, based upon weight and volume after condi- 
tioning at 75 F and 50 per cent relative humidity, is 1.4. 

Although the material tested was produced under laboratory 
controlled conditions, its properties are believed to be representa- 
tive of those of products of similar composition when produced 
by commercial laminators employing the same conditions and 
manufacturing procedure. The base materials are commer- 
cially available, and impregnated paper and molded stock are now 
being produced on a commercial scale. 

Except where otherwise noted, properties of papreg here re- 
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ported were obtained from specimens prepared, conditioned, and 
tested in accordance with Federal Specification L-P-406 for 
Plastics, Organic; General Specifications (Methods of Tests) 
dated December 9, 1942. The specimens were machined with 
high-speed steel tools in such a manner as to be virtually free 
from toolmarks or any evidence of overheating and therefore 
were not otherwise finished prior to test. 

Results of tests at room temperature on nominal 1/;-in. and 
1/,-in, material are presented in Tables 1 and 2, respectively. 

In these tables ‘‘flatwise’”’ refers to load applied to a surface of 
the original material, that is, in the direction of molding pressure. 
“FEdgewise”’ refers to load applied on the edges of the laminations, 
that is, in a direction perpendicular to that of the molding 
pressure. Lengthwise or crosswise refers to the orientation of the 
predominant direction (machine direction or “grain” direction) 
of fibers in the constituent sheets of paper with respect to the 
length of. the specimen. Consequently, parallel-laminated 
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specimens are either lengthwise or crosswise, whereas cross- 
laminated specimens are designated “lengthwise and crosswise.” 
Thus values of shear for ‘lengthwise’ and ‘‘crosswise’’ are, 
respectively, perpendicular and parallel to the predominant fiber 
directions. Actually, for cross-laminated papreg, the fiber 
direction of the face plies was lengthwise in one half the speci- 
mens and crosswise in the other half. Because results did not 
differ significantly, the values for the two directions are combined 
in Tables 1 and 2. ‘ 

Average values represent the arithmetic average of the indi- 
cated number of tests, composed of not more than two tests 
from any one panel in each of the directions indicated. The 
standard deviation for each property is also presented to provide 
a measure of the variability or the range of values that can be 
expected from stock sheet materials of this type. 

Parallel-laminated papreg has average tensile and flexural 
strengths of about 36,000 psi lengthwise, and tensile and flexu- 
ral strengths of about 20,000 and 24,000 psi crosswise, respectively. 
For cross-laminated papreg, the tensile and flexural strengths are 
27,000 and 30,000 psi, respectively, or intermediate between 
those for the two principal directions of the parallel-laminated 
type. This relationship exists among all tensile and flexural 
properties, and to a lesser degree among most other properties. 


TABLE 1 
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The average ultimate compressive strength (edgewise) varied 
between 19,000 and 23,000 psi. Only in the crosswise direction 
of parallel-laminated material were the tensile and compressive 
properties about equal. Young’s moduli of elasticity in com- 
pression and flexure were essentially the same, and were from 
15 to 25 per cent less than the tensile modulus. Yield strengths 
in compression were likewise considerably less than in tension. 
The similarity of compressive ultimates for the two directions, 
together with the disparity in tension between these directions 
suggested that the resin is the major factor in strength in com- 
pression. 

In general, failures in compression were characterized by two 
shear failures at one end of the specimen extending at 45 deg 
across the edges of the lamination in the form of a V, with subse- 
quent delamination near the center of the thickness of the speci- 
men forming a Y. Strength in interlaminar shear varied be- 
tween 800 and 3000 psi, depending on the type of test and the 
orientations of the specimen. ‘Tensile-type shear on kerfed 
specimens ranged from 800 psi (crosswise) to 1100 psi (length- 
wise). Block-type shear values ranged from 1300 psi, lengthwise, 
to 1600 psi, crosswise. On the other hand, cylindrical speci- 
mens tested in double shear (Federal specification L-P-406) 
produced values on the order of 3000 psi. 


STRENGTH AND RELATED PROPERTIES OF NOMINAL 1/s-IN. PAPREG AT NORMAL TEMPERATURE, 75 F + 5 DEG F 


Parallel laminated Cross laminated 


we wwe tee wre wee oe eee we wee ee we wm ww eee ee et eee eee eee 


Test and properties : Lengthwise : Crosswise : Lengthwise and 
3 crosswise 
E Ave : Standard 3: Ave : Standard : Ave : Standard 
$ : deviation : : deviation : : deviation 
: : G : 5 3 
Specific gravity 2 1e41 secccccvccce? 1041 tecccccecsee: 1041 seccccccccece 
: t : c t 
Tension H : 3 8 : H 
Ultimate strength psi : 35,610 : Zpocde wat 120, OLO0Ns SSSimesmc (io) COs 1,591 
Yield strength at 0.2 percent offset psi : 32,780 : 2,919 : 14,560 : 838 : 23,160 : 1,665 
Yield strength at O-7 percent strain pPsrescs, 0902 2,223 220,860) ¢ 980s 165.760 = 706 
Proportional limit stress psi : 14,480 : 3,01 2: 7,880 3 856 so fOOms 1,072 
Secant modulus at 0.2 percent offset psi x 103 : 2,951 : 147 y URSEYANG Docs ee cig L adans 111 
Modulus of elasticity psi x l 3 3,645 3 377 A alsalsies 261 ye SACP 181 
Elongation immediately before fracture Percent : cis 0.16 : 1.88 : 0630 «=: e293 0.14 
‘ $ : 3 : : t 
Static bending - (flatwise) 3 : : 4 2 : 
Modulus of rupture psi = 36,590 : aa Ae : 24,300 : 785 3s 30,540 : 1,153 
Proportional limit stress Swe nto), 900) |: 1,473 ¢ 10,520) ¢ 1,148 2: 12,240 : 1,325 
Modulus of elasticity psix 109: 3,016 : 99 ment 154810 OS mcg cal. s 58 
: : : : : t 
Bearing - 1/8-in. dia. pin (tensile loading) : : : : : : 
Bearing strength (4 to 6 tests) PSL : 24,920 secccccccvce® 225940 seccccccccces C0920 sovevecevecs 
Ultimate bearing stress P8i : 35,060 secoeececcece? 31,300 Secccccescec’s 545280 teccccccccce 
3 : : t g : 
Shear - (Johnson-type shear tool) : : : 2 : : : 
Shearing strength (fletwise) psi : 16,980 : 700 : 14,010 : TSS mete ORDOOTs 415 
Modulus of rigidity psi x 10° : 909 : DOMME ticlarevcieloie artieiciejste’lesicie est 887 3 33 
: : ; : 
Indentation hardness (Rockvell) M-nunbers : 110 secvcecccccescocvccccescoccccvcccoe’ TIO tecccccsccce 
Loss in weight on drying at 221° F. for 24 hours : : 5 é : 3 
Loss in weight (2 x 2 in. spec.) Percent : is SOM sloteistelelstate stole ties ole ale cle cisicla stale ealeie'e SMMC SOON Sele ce w senses 
Water absorption (24 hours immersion 2 x 2 im spec.): $ 3 : : 
Increese in weight Percent ; 221 seccveccvcccsovcccvceltocceccevcces 2e56 teecvccccccce 
Increase in length Percent : eOl Secccvececcetvccccccesecvcvcsvees: 203 secccccvccce 
Increase in width Percent : 006 Seccccccccceseocccccccsevceccoccce’ 002 seeccececece 
Increase in thickness Percent : Le67 seccccrevevetevceccvetcceseccecee’ 1682 secaccevacce 


NOTE: Values for indentation hardness and those properties for which standard deviation is reported, represent 


the average of 32 tests. 


Loss in weight on drying and water absorption percentages for parallel and 


cross-laminated papreg are based on 16 and 9 tests, respectively. 
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TABLE 2 SOME STRENGTH PROPERTIES OF NOMINAL 1/:-IN. PAPREG AT NORMAL TEMPERATURE, 75 F + 5 DEG F 


é t 
Parallel laminated - 


1 Cross laminated 
Jownn-o-ee wet we ne owe wee wen ee wa wer wwe e mee enn ne ww eee nnn --= 
Test and properties : Lengthwise t Crosswise + Lengthwise and 
t 3 t crosswise 
Pern new ewe nnn nnn Seer e wn nnn nn awn nnnee Beer new enn nee nnn ann- 
s Av. : Standard +: Av. : Standard : Av. s Standard 
t + devietion : + deviation : : deviation 
een we ewe eer ewe ee nr ewernemnrreserern we we ww on ww me fee mmm wn fl em mm en een ne fem emer wes fee mre memes lemme mwas mercer nae 
t t t : $ $ 
Specific gravity 3 Le41 seccevccveesd 1641 dewcviecccsse ® 1.41 tecccceceee 
t 3 t 2 t 
Compression (edgewise) (20 = 20 = 32)L ; : : : : 
Ultimate strength psieeice 550": 727 2195430: : 729 : 20,790 911 
Yield strength at 0.2 percent offset psi : 14,040 : 421 © 4957508: 462 : 11,290 439 
Yield strength at 0.7 percent strain psi : 14,130 : 407 SS 509i: 321 : 11,340 : 320 
Proportional limit stress joph Ve aKey a 884 Ei LERILOR SB 629 : 5,450 : 841 
Tangent modulus at 0.7 percent strain psi x 10° TTS tecccveceses’ B33 seccencveece? TBS Seervecvees 
Secant modulus at 0.2 percent offset pei x 10% ; 2,049 : 86 cremlis LOO as 46 eGo. 3 52 
Modulus of elasticity psi x 10%: 2,913: 166 : 1,496: 96: 2,279 + 95 
3 t H t $ t 
Compression (fletwise) (3 10S sus : $ : : : 
Ultimate strength psi : 42,200 Secer creer certoerseeee toseseeesaved 45 ,600 Seceerecone 
t H $ : : t 
Static bending (flatwise) (10-10 -16)1: : : : : : 
Modulus of rupture pei : 31,710 : 1,371 : 19,540 : 2,489 : 28,710 : 1,522 
Proportional limit stress psj : 14,410 : 920 tr, SOC 214 c0) s: 11,000 : 1,058 
Modulus of elasticity paix 10> st) 92,847 60 ¢ °1,418 35 3 epOGlas 97 
: : $ t t : 
Static bending (edgewise) (10 + 10 - 16)2: : : : : t 
Modulus of rupture psi : 28,870: 1,502 220,790 : 1,239 2) 26,990"%) 1,519 
Proportional limit stress psi : 14,960 : 884 2 15940) 3 2,039 : 8,240 : 1,092 
Modulus of elasticity psi xO-eiimee 726 es 138 : 1,402 0: 64 tnee,184 +s 105 
: $ t $ $ : 
Shear (Johnson-type shear tool) (20 - 20 - 32) 3 $ 3 3 $ t 
Shearing, strength (edgewise) psi : 20,500 : 581 t 17,840 : 684 : 18,670 : 922 
: 3 $ $ 4 t 
Impact strength (Izod) (20 = 20 = 32) : : : t : t 
4.69 2643 t 


Flatwise, notch on face Ft. lb. per in. of notch : 
Edgewise, notch on edge Ft. lb. per in. of notch : 
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Numbers in order indicate the number of tests of parallel-laminated lengthwise, parallel-laminated crosswise, and 


cross-laminated papreg, respectively. 


A few tests to determine the tensile strength normal to the 
plane of the laminations averaged 600 psi. The bonding strength 
(Federal specification L-P-406a) was about 1000 psi. This value 
represents the force required to rupture the bond of a 1-in- 
square X !/.-in-thick specimen by edgewise loading through the 
medium of a 10-mm steel ball. 

The shear strength of parallel-laminated and cross-laminated 
papreg by the Johnson-type double-shear method was about 20 
per cent greater edgewise than flatwise; and both edgewise 
and flatwise shear strength for parallel-laminated papreg was 15 to 
20 per cent greater perpendicular to the fiber direction than 
parallel to the fiber direction. 

The modulus of elasticity in shear, or the modulus of rigidity G 
(the modulus associated with shear distortions in the surfaces of 
the sheet and in planes parallel thereto) is about 900,000 psi. 

The bearing strength of 1/s-in. papreg, determined from ten- 
sile-type tests of standard specimens having a hole diameter 
of 1/s in., is approximately 25,000 psi. Tests of standard 43/,- 
in. X 15/,s-in. specimens, having a hole of 1/, in. diam and cen- 
tered in the width at a distance of #/, in. from one end of the 
specimen, failed in tension across the net section before the 
specified 4 per cent deformation of the hole diameter occurred. 
For these tests, the average deformation of hole diameter at 
failure and corresponding ultimate stresses were 3.65 per cent 
and 28,000 psi, respectively, for parallel-laminated (lengthwise) 
papreg, and 3.69 per cent and 26,500 psi, respectively, for cross- 
laminated papreg. 


Papreg has a flatwise Izod strength of from 2 to 6 ft-lb per in. 
of notch; whereas edgewise values are on the order of 0.5 to 0.7. 

Typical tensile and compressive stress-strain diagrams are 
presented in Figs. 8 and 4. Each curve presents actual load- 
deformation data for individual specimens that have properties 
in close agreement with the average of the group. The material 
exhibits good elastic behavior up to a well-characterized propor- 
tional or elastic limit stress, but upon further stressing shows a 
plastic behavior or nonlinear relationship between stress and 
strain. Papreg, not unlike many thermosetting plastics, has 
comparatively little ductility, and ultimate failures in tension 
occur without a marked yield point and at relatively small strains. 

Directional properties of papreg, based on a limited number 
of tests, are presented in Table 3. These results indicate that 
the cross-laminated material is essentially isotropic in the plane 
of the sheet. In general, the 45-deg properties of the cross- 
laminated material are equal to or slightly better than the length- 
wise or crosswise values, whereas the values of the parallel-lami- 
nated material at 45 deg are essentially intermediate between 


those at 0 and 90 deg to the fiber direction. 


Fatigue. Constant-strain flexural-fatigue studies were con- 
ducted in a room maintained at 80 F, and 50 per cent relative 
humidity. Test specimens were of !/s-in. papreg, similar in 
shape to that specified in Federal Specification L-P-406, except 
for slight modifications in dimensions found necessary in order 
to employ existing fittings of available Krouse flat-plate fatigue 
machines. 
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The flatwise flexural-fatigue strength for completely reversed 
bending stress at 100,000,000 cycles was about 7000 psi for cross- 
laminated (lengthwise) papreg; and 7700 and 5800 psi for papreg 
parallel-laminated lengthwise and crosswise, respectively. Fa- 
tigue limits of papreg at higher induced stresses are indicated in 
the S-N diagram, Fig. 5. 

Fatigue limits were determined by the deflection method (5), 
wherein specimens are considered as having failed when the de- 
flection produced by the reapplication of the initial load shows a 
marked increase in its rate of change. 

The greatest increase in specimen temperature above the 
ambient temperature was 60 deg F at 14,000 and 12,000 psi for 
cross-laminated and parallel-laminated crosswise specimens, re- 
spectively. Temperature increases at a fatigue limit of approxi- 
mately 10,000,000 cycles were: Cross-laminated, 11 deg F at 
8000 psi; parallel-lengthwise, 10 deg F at 9800 psi; and parallel- 
laminated papreg, crosswise 15 deg F at 6700 psi. Tempera- 
ture increases at the 100,000,000-cycle limits were only 2 to 3 deg 
F, except for the parallel-crosswise, which increased 10 deg F 
above the ambient temperature. Fatigue strengths, shown in 
Fig. 5, were not corrected to include any calculated reductions 
due to thermal effects. 

Flammability. Flammability or rate-of-burning tests of 
1/,-in. X 6-in. specimens of !/s-in. papreg indicated the material 
to be self-extinguishing. The average flaming and glowing time 
which persisted following removal of the Bunsen burner after the 
second application was 1 and 2 min, respectively. The maximum 
spread of char did not exceed #/,in. The charred end increased 
about 50 per cent in thickness. 

Abrasion. Abrasion-wear tests of papreg of 1.4 specific gravity 
were conducted on a Taber abraser employing CS-17 wheels and a 
1000-g load. One thousand revolutions produced a loss in weight 
of 0.0168 g. 

Thermal Expansion. The coefficients of linear thermal ex- 
pansion of papreg were greater in the direction of compression 
perpendicular to the laminations than in the plane of the lamina- 
tions. Test specimens were heated for 24 hr at 105 C, and then 
stored in a desiccator over phosphoric anhydride, prior to test. 
Results of a few measurements made on 1-cm square specimens, 
(1 em long for the measurements in the direction of compression 
normal to the laminations, 3 cm long for the linear measurements 
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in the plane of the laminations other than those parallel to the 
fibers in the parallel-laminated material, and 10 cm long for the 
lengthwise measurement of the parallel-laminated papreg) be- 
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tween —50 C and +50 C + 2 deg C in centimeters per centi- 
meter per degree Centigrade, were as follows: 


Linear coefficients of parallel-laminated papreg: ok ' A ' ! os Zr tgane 
on! ~t i a te at ~~ 
5.73 X 10~® in plane of laminations, lengthwise z & t ] Es thea H 3 Gime ee = a as 
15.14 X 10°‘ in plane of laminations, crosswise oe H as = ' ee fa Ppa iat 
65.10 X 10~¢ perpendicular to plane of laminations, flatwise Fe a H ore. H 
Sei va if oat sees Wonen 
. . os : a ' & ma ' 
Linear coefficients of cross-laminated papreg: Ph ays 1 3 hee 2 4 2 
10.89 X 10-® in plane of laminations parallel to fiber direction of aT } 2 2 iS: | 
one half of laminations i i i a seiko esis tes 
62.20 X 10-® perpendicular to plane of laminations, flatwise, be- teaber sues { 1a 
tween +52.3 C and —25.2C _ om a are a g CS iihal es oy $ 2 
; ’ F ; O eomez ieee Sule BR ae Be aes ee. 
The expansion was linear or essentially linear over the whole Q @ ! 28°? 1S CORRS Tet WO 
range investigated, except for the portion of the cross-laminated fr i io ec 
material in the plane of the laminations above +25 C, which 4, %& {t 3 g : el a 2 38 
5 . a ' a =~ 
curved downward. It may be noted that the linear coefficient , % |! 34% os \ 3 if u = Re °. 4% 
of thermal expansion in the plane of the laminations for the cross- «© | 2 eae AR eH A WR 
laminated papreg lies midway between that of the lengthwise and = a A arrhree Saber stacey seat arene Ca od Pa suse sede ce 
. . . « A s 
crosswise linear coefficients of parallel-laminated papreg, in the ey s 1 are s is i at g RuKS 3 8 g 
same manner as the tensile and flexural properties do. & © + seadk ' < ' a] ss me . oa os 
5 ° A ° . a a 
Poisson’s Ratios. The results of a few determinations of Pois- pe rie tl ASAS Ho | es vg rte os 
son’s ratios on papreg are available. Six specimens 31/2 in. 2 & \ i la Sak er Car ea rlaptt On oe 
long, 1 in. wide, and 4/ in. thick were tested. Two of the speci- a | &y3 1e! + + + apres 
mens were of cross-laminated material. Two were of parallel- & ‘ Z Q ve 
laminated material tested lengthwise. Two were of parallel-lami- Bis ae : i io i! Sci & Pts OS 
nated material tested crosswise. The following definitions ap- ze ot Roe yk oO. too a tronlco 
p ‘ GS ow 4 gas ‘ 1 2 Re eB 
ply to parallel-laminated material: ey Ta ese Cs 3 Pi te CONEY Hie QFN 
ihr oly EEN ERY! ee ig SRe TAG wey ee 
ir = Poisson’s ratio of contraction in direction parallel to g Psion fh ta ae! Be ee 
plane of laminations and perpendicular to machine es 3 pee ee = Tae ee iaaliata Bat A ig ts 
° e * . A . . ' ' ' ‘ 
direction of paper to extension in machine direction, a Go ithe Dub te phe tn h 3 a 
due to a stress applied in machine direction Wesabe lh Cron eae eS He eel We stiemkoyeee ee et he ate te ote 
: i 4 : : Z ; < A ta seusiSsal A A g} 2 2D 
“tr = Poisson’s ratio of contraction in direction normal to A Pie eae SIC te ss es Bp py © vA 6 
. . fe . : ~~ perked 1 1 N Nu g 
plane of laminations and perpendicular to machine 42 F \"*8gs 7? } 3 s 
direction of paper to extension in machine direction, & Qo ofeeeeeegege gd ----- B) ow oe we we ow 
due to stress applied in machine direction le 2S ee eee Mee 4 4 4 % 
Similarly wz, urr, Mex, and ppt. g $ che : ' iS \ £ Wea ON la 
a mA ' > t t 
The same definitions may be used for cross-laminated mate- a eee + Ne etenpeos at 7 Bs + Sy De or ccices cy toh ie oo ote 
rial, since for this materialupp = upz, Mtr = erR, ANdeRe=eRr. 2 ' ' Go even 
The results of the few tests are as follows: eS 1 3a 2 ' = \ A 3 PA x c wy 
Parallel-laminated specimens tested crosswise, wr, = 0.195 % \ goa Sia oe ars ao as 0 
and upp = 0.450; tested lengthwise, uz7 = 0.394, andywyr = Hy tag kd eat 
0.508. m ie i Raat re gear ae tae 
& ' ‘ ' ‘ 
For cross-laminated material, uz, = 0.283 and prp = 0.484 a HONG is ch Reem Sars ie R 
. . . Oo -_ In int ie) ~ 
$31 8iyi isid BER & $2 
Errecr or SERVICE CONDITIONS fe : , &S4e + ee stat Soar OS 
2 ss pet a E ie 5 Uwe oe oe ee oe ae oe oe oe ee — 1 oe oe 
Since the applicability of any engineering material depends = ¥% rast MeL cloaks ou 
e 5 65 aw ' ' 
not only upon its normal strength properties, but also upon its QQ 4g !3¥%G88 !itL a oN 3 Ea FI 8 
general behavior under service conditions, a number of studies to 5 2 ots & ekQ 1st 3 vg wx aod 
determine the effect of such factors as temperature, moisture, a 2 orne eee Hee U 
5 _ ‘ =) 1 ce ce ce ce ce ct ce ce co co oe 00 6e 00 ce sélas os anton 
freezing and thawing, accelerated weathering, and natural Q ££ } on ia 
aging and weathering have also been conducted. Some data ,, © ' re ' oe ral a a 3 a 2 
. wwe aa er 
on the effect of environmental conditions on the mechanical a ' Se iD} 3| gen 0 A 
properties of organic plastic materials have been published (8,9). © \ Be H | ne ie < theceele 
Some data have also appeared on the temperature and moisture Bs i “eRe eT L Tats ah “\S hoe 
characteristics of high-strength paper laminates (5, 10, 11). H 3s 8 2 is ' non Ww wo mH wo 
Temperature. The temperature-strength relationships of pap- ' 3 s a " 
‘ 


reg in tension, compression, and flexure at—69F,75F,158F,and =» + ww ew wn nnn nn nn woe te oe we wo wee we we 


200 F are presented in Fig. 6. Each point represents the average of ABE H 
five or six tests. In general, the strength properties of papreg $= oy | ' ~ 
show a decrease with increasing temperature. This behavior is chet ints 
characteristic of cellulose-filled phenolic compositions and 2k F = { i “tae oS meer yh 
plastics in general. Impact strength (Izod test), however, did not #3 ~ 8 } } 
3 Experiments have been completed at the Forest Products Labora- od& 


tory on the effect of service conditions, and it is anticipated that 
the results will be published in the near future. 
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follow this general behavior 
but indicated, instead, a 
slight decrease in strength 
with respect to normal tem- 
peratures at both tempera- 
ture extremes. 

The subzero tests were 
conducted in a room main- 
tained at —69 F + 3 deg 
F, at the Army Air Forces 
Materiel Command, Wright 
Field, Dayton, Ohio, by 
the personnel of the Mate- 
rials Laboratory and on 
specimens supplied by the 
Forest Products Laboratory 
from the same material as 
was used for tests at other 
reported temperatures. 
Specimens tested at —69 F 
were exposed to that tem- 
perature for at least 4 hr 
prior to test. Specimens 
tested at normal tempera- 
ture were conditioned at 75 
F, and 50 per cent relative 
humidity for approximately 
2'/. weeks prior ,to test. 
Those tested at 158 F were 
conditioned at 158 F and 
20 per cent relative humid- 
ity for 24 hr, and those at 
200 F, were heated, prior 
to test, for 24 hr in an elec- 
tric oven maintained at 200 
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F and essentially zero per cent 
relative humidity. The high- 
temperature (158 and 200 F) 
tests were conducted in a 
thermostatically controlled 
heat chamber, but without con- 
trol of humidity. 

It is recognized that in con- 
sequence of the conditions to 
which specimens were subjected 
prior to and during test, fac- 
tors other than temperature, 
such as differences in dry- 
ness, may have affected the 
results shown in Fig. 6. These 
data agree substantially with 
temperature-strength data® of 
paper-base laminates of the 
same composition impregnated 
with other phenolic resins (11). 

Moisture. Studies to deter- 
mine the moisture-strength re- 
lationship of papreg indicated 
that exposure to increased hu- 
midity with consequent mois- 
ture absorption results in a 
definite decrease in strength 
properties, as well as increase 
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in dimensions. These characteristics are common to cellulose 
compositions. Tension, compression, static-bending, and bearing 
tests were made on specimens taken from 1/s-in. panels of 
parallel- and cross-laminated papreg, conditioned for 100 days to 


approximate equilibrium at 75 F and 50 per cent relative humid- 
ity, and at 80 F and relative humidities of 30, 80, and 97 per 


i) 


tation tests indicated a decrease in M 


/6 ¥ ae —- 4 | 
AW ee 
/4 7A === | 0) 
at 30 per cent relative humidity to 65 re shes = =F6) 


cent, and from panels immersed in distilled water at 75 F. 

The moisture-strength relationships of parallel-laminated 
(lengthwise) and cross-laminated papreg, expressed as a percent- 
age of the strength properties at 75 F and 50 per cent relative 
humidity, are indicated in Figs. 7 and 8, respectively. The data 
show that the modulus of elasticity is least affected by moisture; 
and proportional or elastic limit, the most affected; also, that 
parallel-laminated and cross-laminated materials differ but little 
with respect to the effects of increase in moisture. The two 
types of papreg exhibited similar reductions in tensile and com- 
pressive properties at corresponding moisture levels, except in 
ultimate strength. The percentage reduction in compressive 
strength was approximately 2 or 3 times that produced on the 
tensile strength for a given increase in moisture. Decreases in 
static bending and bearing strength due to moisture increases 
were less than those in tension and com- 
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lation methods, indicated a decrease in weight of approximately 
0.5 per cent between 30 and 0 per cent relative humidity. 

Data for panels conditioned in 30 per cent relative humidity are 
not shown because the change in weight was approximately 0.1 
per cent. Hence papreg having a volatile content of 4.5 per cent 
before molding was found to be in equilibrium with 80 F and 30 
per cent relative humidity conditions after molding. Panels 
exposed to 50 per cent relative humidity reached weight equilib- 
rium in 100 days and had increased less than 1 per cent in 
weight. Those panels exposed to 80 and 97 per cent relative 
humidities for strength evaluations reached only 85 and 90 per 
cent of weight equilibrium, respectively, in 100 days. These 
percentages were based on the behavior of companion panels 
retained in these humidities until weight equilibrium was reached 
after 200 to 250 days. Approximate weight increases for these 
panels at equilibrium were 5 per cent at 80 per cent relative 
humidity, and 10 to 11 per cent at 97 per cent relative humidity. 
Panels immersed in water also reached approximate weight 
equilibrium in 250 days and had increased approximately 17 
per cent in weight. Consequently, the strength relations indi- 
cated for papreg, exposed to 80 and 97 per cent relative humidity, 


pression. sail [t | thes A mH 
A few tests made to determine the 20 Ime ao 5 | i 
effect of moisture on the hardness of 18 eae {4 | ee J 


papreg by the standard Rockwell inden- 


values from 108 for material conditioned 


for material conditioned at 97 per cent 


relative humidity. 


A few shear modulus tests (@) on 1/3- 
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are slightly higher than may be expected at equilibrium moisture 
content. ; 

The principal dimension change of papreg, incident to increase 
in weight due to moisture gain, is in thickness (direction of mold- 
ing pressure). The increases in thickness and in weight, ex- 
pressed as percentages of the original values, are approximately 
equal. From a relatively dry condition (24 hr at 122 F) to 
equilibrium at 97 per cent relative humidity, +/1s-in. parallel- 
laminated papreg increased 0.09 per cent in length, and 0.48 per 
cent in width; 1/,-in. cross-laminated papreg increased 0.22 
per cent in length and 0.18 per cent in width. 

Freezing and Thawing. Freezing and thawing investigations 
of papreg, exposed to the moisture conditions previously de- 
scribed, did not indicate significant effects on strength beyond 
those attributed to moisture. The freezing-and-thawing cycle 
employed consisted of 1 hr of freezing at —30 F, followed by 1 hr 
of thawing at 80 F, in the respective chambers in which the 
material was conditioned. Strength tests were conducted follow- 
ing 36 and 95 cycles of exposure. 

Accelerated Weathering. Papreg 1/3 in. thick, exposed to ten 
24-hr cycles of irradiation and wetting (sun lamp and fog) in ac- 
cordance with Federal Specification L-P-406, showed an increase 
in certain strength properties, as compared to papreg conditioned 
at 75 F, and 50 per cent relative humidity. In tension, for in- 
stance, the improvement based on average values was 4 to 13 
per cent in ultimate strength, 4 to 7 per cent in Young’s modulus, 
and 4 to 6 per cent in yield stress at 0.7 per cent strain. In com- 


pression, the improvement was 5 to 10 per cent in ultimate 
strength, and 2 to 3 per cent in Young’s modulus. 

The physical changes resulting from the exposure were a de- 
crease of approximately 2 per cent in weight, between 1 and 2 
per cent in thickness, and a color change from a light-yellow- 
brown to a mottled dark-reddish-brown. No checking, warp- 
ing, blooming, crazing, or delamination was apparent. To all 
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ERICKSON, MACKIN—PROPERTIES AND DEVELOPMENT OF PAPREG 


appearances, the simulated sunlight had no deteriorating effect. 
Instead, irradiation had a drying effect which resulted in in- 
creased strength. 

Natural Weathering. Outdoor exposure tests of 11-in-square 
panels of 1/i5, 1/s, and 1/in-thick papreg were conducted at 
Madison, Wis. The panels were mounted flatwise on exposure 
racks facing south and inclined 45 deg. During 15 months of 
continuous exposure, the appearance of the exposed surface 
changed from a glossy yellow-brown to a dull gray-brown. There 
were no indications of blooming, crazing, or delamination. 
Changes in strength properties attributed to weathering have 
not yet been determined, 
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External Corrosion of Furnace-Wall Tubes—I 
History and Occurrence 


By W. DT RETD? RR. Cy COREY; Anp B? J. CROSS? 


Since 1942, many large central-station boiler furnaces 
burning pulverized coal and removing the ash as molten 
slag have experienced external corrosion of furnace-wall 
tubes. In a few cases the loss of metal was so severe as 
to cause failure of tubes during operation, in others, 
seriously thinned tubes had to be replaced to prevent 
unexpected interruption of service. Because the rate of 
corrosion under certain conditions may be so high as 
seriously to weaken the tubes between normally sched- 
uled inspections, operators charged with the continuous 
production of power under wartime emergency conditions 
have been greatly concerned over prevention of further 
corrosion. To expedite the solution of the problem, a 
co-operative investigation was instituted between the 
Bureau of Mines and the Combustion Engineering Com- 
pany. This report gives the results of the preliminary 
study of the occurrence of external corrosion, 16 furnaces 
in 13 stations being examined. Corrosion was found to 
occur when the temperature of the tube metal was in 
the normal range for boiler furnaces, usually not exceed- 
ing 700 F, while the maximum temperatures observed 
were less than 900 F. Deposits in corrosion areas are 
shown to be of two types, one having the appearance of a 
bluish-white porcelain enamel, being largely soluble in 
water in which it produces an acid reaction, and con- 
sisting principally of sodium and potassium sulphates in 
a complex form. The second type is iridescent blue or 
black, is insoluble in water, may contain significant 
amounts of carbon, and consists primarily of iron sul- 
phide. Because of the greater incidence of the sulphate 
deposit, its study was made first and is reported in detail 
in a following report.® 


INTRODUCTION 


OSS of metal externally from wall tubes has, in recent years, 
been one of the major problems facing the operators and 
manufacturers of pulverized-coal-fired slag-tap furnaces. 

Although tube failures definitely identified as resulting from this 
type of corrosion have been rare lately, largely because seriously 
affected tubes have been located by frequent inspections and 


~ 1Published by permission of the Director, Bureau of Mines, 
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the Combustion Engineering Company, Inc., New York, N. Y. 
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5 Part II of this study appears on page 289 of this issue of the 
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ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
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of the Society. ° 


have been replaced before actual failure occurred, earlier losses of 
tubes may have been caused by external corrosion although at- 
tributed at the time to other conditions, such as internal de- 
posits or faulty circulation. 

Since early 1942, when it was demonstrated conclusively that 
external corrosion was resulting in a decrease in the thickness of 
furnace-wall tubes, the efforts of many investigators were di- 
rected toward determining means of preventing further loss of 
metal and studying the reactions involved. Because of the war, 
many central stations were operating under exceptionally heavy 
load demands, and excessive outages for repairs made the problem 
acute. As a result, in a few furnaces where the rate of corrosion 
was high, various engineering changes were made which resulted 
in arresting further active corrosion. However, it was believed 
that fundamental studies to identify the materials causing cor- 
rosion and to understand the mechanism of the action would be 
required before any real control of external corrosion would be 
possible. It was realized that such data might not in them- 
selves indicate feasible methods of preventing corrosion but that, 
by pointing out the factors most important in causing loss of tube 
metal, the effectiveness of various corrective procedures could be 
evaluated before their application. 

Because it was recognized early that external corrosion was 
associated with the deposits of slag on wall-tube surfaces (cor- 
rosion occurring apparently only under slag deposits), the Bureau 
of Mines became interested in the problem as part of its con- 
tinuing study of the properties of coal-ash slags at high tem- 
peratures. Previously, the Combustion Engineering Company 
had been intensively investigating external corrosion in the field, 
and because it appeared that a mutual study would result in a 
more effective solution of the problem a co-operative investiga- 
tion was begun in June, 1942. This report and others® in this 
series present the results of this co-operative study. 


HisrorrcaL REVIEW 


Although considerable work has been done on the corrosion of 
air heaters, economizers, and other units at temperatures where 
condensation of sulphuric acid is possible, few references have 
been found in the literature to the occurrence of external cor- 
rosion at the higher temperatures existing in furnaces. The 
earliest recorded account is by Stromeyer,’ whé in 1917 de- 
scribed the decrease in thickness from 7/;5 in. to 3/32 in. of boiler- 
shell plates, the corresion area being covered with a scale con- 
sisting principally of ferric oxide and a sulphate, which he de- 
seribed as dehydrated iron sulphate. Although he explained the 
loss of metal as occurring during idle periods from the action of 
sulphurie acid, formed by condensation from the flue gases, he 
also mentions that when the examination was made there was 
not the least indication of moisture or of apparent corrosion due to 
dampness. Further, this sulphate scale was found to be present 
over most of the heating surface of the boiler, suggesting that it 
may have been deposited during operation when temperatures 
were too high to permit condensation of sulphuric acid. 

The first instance of external corrosion on which direct informa- 
6 ‘*Memorandum by Chief Engineer for the Year 1917-1918,” by 


C. E. Stromeyer, Manchester Steam Users’ Association, 1918, pp. 
13-15. 
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tion is available for this report occurred in September, 1934, 
in the No. 13 boiler at Springdale Station, when an unusual failure 
of a wall tube led to close inspection of the furnace. It was found 
that many of the tubes in the walls adjacent to those in which the 
opposed burners were located had flattened surfaces and that as 
much as 0.12 in. of metal had been lost externally in some loca- 
tions. Although consideration was given to the possibility that 
the metal had been lost by abrasion, the appearance of the sur- 
face was such as to indicate that some form of chemical attack 
had been taking place. Also, the inspection showed that the 
flattened surfaces were arranged in an elliptical pattern beginning 
at about the 5th tube from the corner, gradually increasing to a 
length of about 7 ft at the 12th tube, and decreasing rapidly to 
the 19th tube. Since this occurred from each corner on the side 
walls, only about 5 tubes in the center of each wall were un- 
affected. Additional tube failures in November, 1934, and 
March, 1935, led to the replacement of all the corroded tubes. 

Because the importance of this type of corrosion was not then 
apparent, it being considered that the loss of metal had been 
gradual over the 5 years the furnace had been in service, no pro- 
found study of the problem was made. A sample of the slag de- 
posit on the tube showed the presence of iron sulphide, and the 
explanation at that time, without knowledge of the actual 
tube-metal temperature, was based on the solubility of the tube 
metal in molten ferrous sulphide. Another inspection of the 
furnace in April, 1942, showed that the tubes, installed as replace- 
ments in 1934, were in good condition and that further corrosion 
apparently was not occurring. At the same time the original 
tubes in the burner walls were examined, and a maximum loss of 
0.06 in. of metal was noted in one location, again indicating that 
loss by abrasion through flame impingement was not a primary 
factor. However, since these tubes had been in continuous service 
for 13 years, this loss was not considered significant. 

As described in a report of the Edison Electric Institute,” 
external corrosion was observed first in furnaces at the Schuylkill 
Station of the Philadelphia Electric Company in December, 
1939, but the significance of the attack again was not recognized, 
the loss of metal being attributed to other factors involved in 
operational difficulties. A similar type of corrosion also was ob- 
served in November, 1940, at the 12th Street Station of the 
Virginia Electric and Power Company. In November, 1941, in- 
spection of the Schuylkill furnaces showed that rapid corrosion 
had been occurring since an examination made 3 months earlier 
and the condition then was recognized as being extremely serious. 
Thereafter, furnaces in other stations were examined as they be- 
came available and external corrosion was found to be occurring 
in many installations. Additional information on the Schuylkill 
furnaces was reported by Gethen,’ who also stressed the im- 
portance of controlling the admission of secondary and tertiary 
air so as to maintain oxidizing conditions over the tube surface. 
Like the Springdale furnace, corrosion usually was found in 
definite patterns associated with direction of the flame, and it 
was observed that a deficiency of air generally occurred in these 
zones. Ina recent survey,’ Weisberg and Harlow each described 
briefly the loss of metal by external corrosion in different types 
of furnaces. 

External corrosion of wall tubes has been observed in this 
country to a serious extent only in slag-tap furnaces; no refer- 
ences by foreign investigators to similar effects have been found, 
either because of the few such furnaces installed abroad or be- 


7“Furnace Tube Corrosion,’ Publication K-3, Edison Electric 
Institute, March, 1943. 

8“Tube Corrosion of Furnace Walls,’ by G. S. Gethen, Power 
Plant Engineering, vol. 47, Oct., 1943, pp. 74-78. 

9Symposium on Furnace Performance Factors, THe AMERICAN 
Socrety or MECHANICAL ENGINEERS, May, 1944. 
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cause the condition has not been recognized as yet. However, 
data on the failure by external corrosion of a radiant-superheater 
tube in a furnace equipped with a traveling-grate stoker has been 
made available from England. This superheater, installed in 
front of a water-cooled wall, the tubes of which were coated with 
plastic refractory, raised the steam temperature approximately 
to 625 F. Loss of metal externally from the elements was noted 
after one tube had failed in service, several other tubes being 
thinned almost to the bursting point. Analysis of deposits from 
the corrosion areas showed the presence of appreciable amounts 
of alkali-metal sulphates and iron oxide. Examination and 
scaling tests of the tube metal indicated that the metal had not 
been overheated in service and that the loss of metal resulted from 
chemical action with the alkali sulphates, although the reactions 
leading to the loss of metal were not understood. 

Investigations by others directed toward determining the 
composition of deposits adhering to heat-receiving surfaces also 
have been made and, because of the obvious relation to external 
corrosion, will be mentioned briefly. External deposits of silicon 
sulphide have been described by Lessnig,!® who suggested that 
the reaction of silica with pyritic sulphur according to the equa- 
tion 


SiO. + FeS + 2C = SiS + Fe + 2CO 


would be particularly objectionable because it would produce a 
sticky surface to which fly ash or slag could adhere easily. Klee- 
berg! mentions a deposit containing greatly increased magnesium 
oxide and alkalies over that in the coal ash and believes that these 
constituents are responsible for its objectionable nature. Be- 
cause this deposit is found as a hard sintered mass he suggests 
the formation of a hydraulic cement through reaction of moisture 
with silica, alumina, and lime, although such an explanation 
neither takes into account the high temperatures in deposits on 
tube surfaces during operation nor the presence of alkalies and 
sulphates in moderately large quantities. 

Recent work in England has developed interesting results. 
Although no mention is made of external corrosion, interest being 
solely in the formation of deposits on furnace and boiler tubes, 
the similarity in the materials described!* to those found on 
corroded wall tubes in this country is striking, usually being 
white, about 50 per cent water-soluble, and containing a high 
percentage of alkali-metal sulphate. Because these deposits 
were found on the tubes of furnaces equipped with chain-grate 
stokers, attempts were made to control deposition of the mate- 
rial by changes in burning conditions, and it was shown that 
factors such as thickness of fuel bed, rate of air supply, and ten- 
dency to produce blowholes were important. 

As the result of tests made in a small laboratory furnace, it was 
stated that no simple correlation between the production of de- 
posits and the fuel-bed temperature could be obtained as meas- 
ured by a platinum-rhodium thermocouple. However, it appears 
that some relationship must exist, for the deposits were produced 
in the small underfeed furnace after the plane of ignition had 
reached the grates, which is the beginning of the period of highest 
fuel-bed temperatures. 

Attempts to prevent the formation of deposits by chemically 
treating the coal were unsuccessful, deposits continuing to form 
despite the addition of either acidic or alkaline substances. In 
this study it was also observed that, during the period when de- 


10 ‘Chemical Action in the Fouling and Clinkering of Boiler Plant 
and Gas Producers,”’ by R. Lessnig, Fewerungstechmik, vol. 28, 1940, 
pp. 145-149. 

11“Salts in Raw Brown Coal Which Are Harmful for Boiler 
Firing,’’ by W. Kleeberg, Braunkohle, vol. 39, 1940, pp. 94-97. 

12 “Deposits on External Heating Surfaces of Water-Tube Boilers,” 
Biennial Report, British Coal Utilities Research Association, 1940— 
1941, pp. 19-36. 
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TABLE 1 FURNACES EXAMINED FOR EXTERNAL TUBE CORROSION 
Combustion Heat 
, Rated rate, release, Severity 
Fee Boiler Pressure, capacity, Btu per br Btu per hr of 
Station no Type psi lb per hr Type of fuel per cu ft per sq ft corrosion? 
Buzzard Point 3 Continuous slag-tap 690 425000 Medium-volatile bituminous coal 25600 150500 Very severe 
Chester 20 Continuous slag-tap 1350 600000 Medium-volatile bituminous coal 28700 63200 Slight 
Firestone 21 Intermittent slag-tap 1285 300000 High-volatile A bituminous coal 28800 138500 Moderate 
Kearny is Dry-bottom 140 (Mercury boiler) Medium-volatile bituminous coal 18540 91950 Slight 
“L” Street 76 Dry-bottom 1200 375000 Medium-volatile bituminous coal 27600 153000 Negligible 
Northeast 14 Continuous slag-tap 1275 300000 High-volatile C bituminous coal 28600 147500 Negligible 
Northwest 1-7 Continuous slag-tap 1325 425000 High-volatile C bituminous coal 24800 114500 Moderate 
12th Street 17 Intermittent slag-tap 900 450000 Medium-volatile bituminous coal 27100 142000 Very severe 
18 ) 27100 131000 Severe 
Reeves Ave. 21 Intermittent slag-tap 850 450000 Medium-volatile bituminous coal 30200 138000 Slight 
Schuylkill Bh Continuous slag-tap 1350 600000 Medium-volatile bituminous coal 29400 170000 Moderate 
£ ; Moderate 
Springdale 13 Intermittent slag-tap 375 300000 High-volatile A bituminous coal 250008 900005 Moderate 
Waterside 42 Continuous slag-tap 1350 500000 Medium-volatile bituminous coal 30200 168500 Moderate 
: 61 and 62 d 1350 615000 28700 169500 Moderate 
Windsor 72 and 82 Continuous slag-tap 1350 750000 High-volatile B bituminous coal 24300 144300 Severe 
2 Negligiblet.ii aan. 3 « <0.025in 
Plight. <aasce seers 23 0.025-0.050 
Moderate............. 0.050-0.100 
Severe. sia seme 1. « 0.100—0.150 
Very BCVere:.. jose aon: >0.150 


+ Estimated, 


posits were forming, a characteristic spectrum appeared in the 
secondary flame, and that spectroscopic methods could be used 
to indicate the presence of conditions resulting in the formation of 
deposits. This suggests that such methods might be applicable 
in developing a detector to predict the occurrence of conditions 
permitting wall tubes to corrode in any given furnace. 

In a continuation of this work,!* analysis of the water-soluble 
portion of these deposits confirmed that it was largely a mixture of 
sulphates. The low melting point of mixtures of several sul- 
phates as determined in the laboratory suggested that the water- 
soluble fraction of the deposits was responsible for its low sinter- 
ing temperature and, consequently, its objectionable nature. 
Because of possible connection between segregation of ash con- 
stituents and the formation of tube deposits, further work on this 
interesting phase is being conducted. 

Although at first glance these investigations may not appear 
to be closely related to the problem of external tube corrosion 
in pulverized-coal-fired furnaces, the deposits described proba- 
bly are of the same fundamental origin, and information on 
their possible control, as by treating the coal chemically, would 
have tremendous importance. That such control methods were 
not found to be effective in chain-grate operation suggests the 
futility of attempting similar fuel modifications in furnaces burn- 
ing pulverized coal. 


SCOPE OF INVESTIGATION 


The objectives of this investigation have been (1) to determine 
the conditions under which external corrosion occurs in actual 
operating furnaces, (2) to identify the materials causing corrosion 
and to learn their source, (3) to discover the mechanism by means 
of which corrosion occurs, (4) to duplicate corrosion in relatively 
small-seale laboratory tests under controlled conditions, and (5) 
to develop feasible methods of preventing further loss of metal. 
This report describes the occurrence of corrosion in the field and 
illustrates briefly the conditions associated with loss of metal. 


Fre vp Srupies 


Examination of Furnaces. The early part ef this study was 
concerned with factors related to the occurrence of corrosion; 
thus inspections were made of 16 furnaces in 13 stations to de- 
termine the loss of metal that had occurred and to obtain in- 
formation on conditions at the surface of the tube, such as metal 
temperature and gas composition. In most cases, samples of 
deposits from the corrosion areas also were obtained for laboratory 


13 ‘Deposits on External Heating Surfaces of Water-Tube Boilers,” 
Annual Report, British Coal Utilities Research Association, 1942, pp. 
18-32. 


examination and analysis. These data not only helped to deter- 
mine the extent of corrosion in individual furnaces and the effec- 
tiveness of early corrective measures but also served as a guide for 
the later laboratory experimentation. For instance, data ob- 
tained on the temperature of tube metal under the usual range of 
operating conditions showed that studies of reactions occurring 
at temperatures much in excess of 1000 F obviously would not be 
applicable; thus the field data outlined the range of temperatures 
over which laboratory experimentation should proceed. Simi- 
larly, data on the composition of deposits in contact with the 
corroding surface and gases adjacent to the slag covering also 
were necessary to indicate the ranges of these variables associated 
with corrosion. 

The furnaces examined are listed in Table 1. All are fired with 
pulverized coal; two use dry-bottom ash removal and the 
remainder slag-tap. Pressures on the units range from 375 
to 1350 psi, the majority being at the higher pressure; the 
corresponding saturated-steam temperatures range from 438 F 
to 582 F. The Kearny mercury boiler is unusual in that alloy 
tubes are involved, and the metal temperature is considerably 
higher than that of steam-generator tubes. As noted later, the 
type of corrosion existing in this unit is different from the other 
furnaces examined. The rated capacity of the boilers varies from 
300,000 to 750,000 lb of steam per hr; consequently, these units 
are representative of the size of boiler commonly in use in cen- 
tral-station power plants. For the steam-generating units, the 
design .rates of combustion range from 24,300 to 30,200 Btu per 
hr per cu ft of furnace volume. The heat release, expressed as 
Btu per hour per square foot of furnace surface, varied between 
114,500 and 170,000 for the tangentially fired units and was 
63,200 for the open-pass furnace at Chester Station. The fuel 
burned varied from high-volatile C bituminous coal to medium- 
volatile bituminous coal. The lower-rank coals were of partic- 
ular interest because they contained greater quantities of sul- 
phur, but no relationship could be detected between the sulphur 
content of the fuel and the occurrence or extent of corrosion. 

An approximate indication of the severity of corrosion is given 
by the maximum observed loss of metal at the time the furnace 
was inspected. Because the time interval over which this loss 
occurred was seldom known, the rate of corrosion cannot be 
deduced except in a very general way, but, based on routine 
periodic inspections in most cases where severe loss of metal took 
place, it appears that the period of active corrosion was short 
and, consequently, that the rate was high. 

Cross sections of typically corroded furnace-wall tubes are 
shown in Fig. 1. Although none of these tubes failed while in 
service, inspection of the furnace disclosed thinning, and sections 
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of the tubes were removed for examination. It is obvious in 
some that additional loss of metal would allow failure. No un- 
usual internal conditions that might have resulted in excessive 
metal temperatures or other interference with normal behavior 
were revealed in any of the specimens. 

Tube-Metal Temperature. Measurement of the surface tem- 
perature of wall tubes was obtained by peening thermocouples 
into the tube along the center line of the normal surface exposed 
to the furnace; the lead wires were protected by thin cover plates 
welded to the tube. Being located no deeper than 1/¢ in. below 
the surface, these thermocouples furnished information on the 
temperature of the metal at the point where corrosion could oc- 
cur. A survey of an installation of 17 such thermocouples in 
one wall of the No. 24 boiler at Schuylkill Station, together with 
the pattern of the corrosion area, is shown in Fig. 2. Observed 
temperatures ranged from 590 to 710 F; the maximum tempera- 
ture at any time was 860 F, 6 hours after lighting off; this tem- 
perature gradually decreasing to approximately 700 F. 

As shown in the upper part of Fig. 2, the average temperatures 
at the 4-ft elevation were higher in the area where no corrosion 
occurred. This suggests that the influence of temperature on ex- 
ternal corrosion may not be too important in the range 600 to 1000 
F. Inspection of furnaces when cold often discloses slag adher- 
ing tightly to the tube metal in corrosion areas, whereas else- 
where normal contraction on cooling may cause the slag to loosen 
and drop off. Consequently, a lower average temperature in 
corrosion areas may result from differences in the manner in 
which the slag layer adheres. 

In Fig. 3, the temperature of point A in the corrosion area and 
point B outside it, which are at approximately the same eleva- 
tion, are compared over a period of 30 hr, the temperature of A 
being less than that of B except for a short period before deslag- 
ging, probably as the result of a temporary, unusually thin slag 
deposit at point A. After a 2-hr period of reduced load (at 
about 50 per cent of rating) to permit deslagging, the temperature 
of A again was less than that of B, confirming the fact that aver- 
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age temperatures may be lower in tubes that are being corroded 
than in near-by unaffected tubes. 
Metallographie examination of a corroded tube from this same 
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station shows no perceptible differences in microstructure be- 
tween the metal at the point of corrosion and the metal at the 
rear face of the tube where the temperature must have been 
approximately at the saturated-steam temperature, 585 F. 
Microstructures of this tube at magnifications of 100 X and 500 X 
are shown in Fig. 4, It is obvious that no unusual changes have 
occurred in the metal in the corrosion area, as compared to the 
remainder of, the tube. No decarburization has occurred at 
either position, and there is no intergranular penetration of oxides; 
this is typical of most tubes studied metallographically in this 
investigation. However, at the 12th Street Station, some inter- 
granular penetration has been observed in badly thinned tubes. 
Also, the extent of spheroidization is the same in both specimens 
shown in Fig. 4, indicating that it resulted from temperatures in- 
volved in fabrication of the tube rather than from excessive tem- 
peratures during service, in which case the cool side of the tube 
would have shown pronouncedly less spheroidization than the 
hot side. That it did not do so is additional evidence that where 
corrosion occurred the tube metal had not been overheated. 
Studies of tubes from other installations show similar results, in 
no case indicating that the decreased wall thickness resulted from 
oxidation caused by excessive temperature. It is also interesting 
to note that no intergranular penetration was observed in the 
corrosion areas, except at 12th Street, as previously noted, and 
that there was no evidence of the presence of eutectics of the 
system iron-sulphur. 

As the result of these studies, it was apparent that corrosion 
could occur at metal temperatures of less than 1000 F, and that 
active corrosion often was present at temperatures as low as 600 
F. As noted previously, these studies aided in establishing the 
limits of the laboratory investigation so that particular emphasis 
was placed on reactions occurring between 600 and 1000 F. 

Composition of Furnace Gases; (a) Carbon Monoxide. Prompted 
by the visual observation that flame often was coming in 
contact with the tubes or their adherent slag, surveys of various 
furnaces were made early in the study to determine the com- 
position of the products of combustion adjacent to the slag cover- 
ing in the corrosion area. Such studies showed that carbon 
monoxide usually was present, occasionally being as high as 6.5 
per cent, and that in areas where carbon monoxide was absent no 
corrosion could be detected. A typical case where carbon 
monoxide in contact with the slag covering is shown in relation 
to the corrosion area appears in Fig. 5, for the same boiler but for 
the opposite wall for which temperatures were reported in Fig, 2. 
It will be noted that carbon monoxide ranged from 0.9 to 4.9 
per cent in the corrosion area. In an adjacent zone where 2 to 3 per 
cent carbon monoxide was present, some loss of metal may have 
occurred, but it is obvious that there would be no sharp line of 
distinction between corroded and unaffected tubes. When 
carbon monoxide was absent consistently, or present only oc- 
casionally in quantities not greater than 0.2 per cent, corrosion 
was not observed. These findings are substantiated by similar 
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studies made on other furnaces at Windsor, Reeves Avenue, Wa- 
terside, and Northeast stations. Because no means were availa- 
ble for sampling the gas actually in contact with the metal sur- 
face, there is no assurance that these gas analyses were truly rep- 
resentative of the composition of the products of combustion at 
the point where corrosion was occurring. 

(b) Sulphur Dioxide. Because the analysis of deposits from 
corrosion areas showed that compounds of sulphur always were 
present, the occurrence of this element in furnace gases also was 
investigated in the No. 24 boiler at Schuylkill Station. Fig. 6 
shows the amount of total sulphur expressed as sulphur dioxide 
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present at various locations in the furnace. At both front and 
rear walls, the SO2 was highest near the floor of thefurnace. At 
higher elevations, the SO2z concentration at the front wall was ap- 
proximately twice that of the rear wall, but the extent and se- 
verity of corrosion of both walls were about the same. Because 
of its low concentration, not exceeding 0.118 per cent by volume 
at any point, the effect of SO2 in causing increased loss of metal 
by direct oxidation is negligible, as will be shown in the report 
following.’ 

The method of analysis used, which consisted of absorbing the 
sample of gas in a dilute sodium-hydroxide solution containing 
benzyl alcohol and determining the sulphur forms by a double 
titration, indicated that sulphur trioxide was present only at 
the economizer outlet. However, these data are useful in show- 
ing the maximum amount of SO; from the furnace gases that could 
be present in contact with the surface of the tube had all the SO. 
been oxidized as the result of lower temperatures and the pres- 
ence of an active catalyst. As will be shown in the next report.® 
the presence of SO; is necessary to permit one type of corrosion 
to occur, and the maximum quantity that can exist, as just de- 
scribed, is of considerable importance. 

Rate of Heat Transfer. An additional factor is the rate of heat 
transfer, which has been considered important because it may 
affect the temperature of both the tube metal and the adhering 
deposit. Kreisinger and Patterson’! measured this property 
in a furnace in which active corrosion was occurring, one of their 
test units being mounted directly in a corrosion area in the No, 
18 boiler at the 12th Street Station in Richmond. A comparison 
between the heat absorbed in this position as compared to other 
zones in the furnace where no corrosion occurred is given in 


144“*Heat Transfer to Water-Cooled Furnace Walls,” by H. Kreis- 
inger and R. C. Patterson, Furnace Performance Factors Symposium, 
Tue AMERICAN SocirTy or MecHANICAL ENGINEERS, May, 1944, 
pp. 71-78. 
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Fig. 7, which is based on their data. Although the rate of heat 
absorption is higher in the corrosion area than at other elevations 
of the same furnace wall, the difference is not striking, the rate 
being approximately 30 per cent greater than in the next higher 
position, where no corrosion has been observed. 

The importance of the rate of heat transfer would depend 
largely upon its effect on the temperature of the tube metal and 
on the temperature gradient through any deposits adhering 
to the tube. As already shown, the tube-metal temperatures in 
service, as measured with thermocouples, seldom exceed 700 F, 
nor are any data available indicating that temperatures greater 
than 900 F have occurred, even for short periods. For the tubes 
at the 12th Street Station, the maximum measured heat-absorp- 
tion rate of 108,000 Btu per sq ft per hr would result in a tem- 
perature gradient of only 86 F through the tube wall. As- 
suming no gradient through the steam film inside the tube, this 
would result in a tube-metal temperature of only 615 F. Even 
had the heat rate been increased to twice that observed, the tube- 
metal temperature could still have been but 701 F. Impaired 
circulation might have resulted in higher temperatures, but it is 
apparent that normal variations in the rate of heat transfer will 
have only a moderate effect on tube-metal temperature and that 
under no conceivable operating conditions in which circulation 
was adequate would the metal temperature exceed 1000 F. 

With respect to oxide films on the tube, the closely adherent 
thin layers caused by normal oxidation at temperatures in the 
range of 600 to 1000 F would not show large temperature gra- 
dients, but this item will be considered in greater detail in the next 
report® in discussing the effect of slag. 


ComposiTIon oF Deposits 


During the earlier part of the investigation, samples of the 
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deposits on furnace wall tubes in corrosion areas were taken from 
most of the furnaces examined. Later when it became apparent 
that only two distinctive types of materials were being obtained, 
samples were taken only when it appeared that an unusual con- 
dition existed or when the loss of metal was unusually great. 

All available analyses have been tabulated and are listed in 
Table 2. It is evident that the number of samples analyzed for 
a given furnace is not a direct indication of the severity of cor- 
rosion being experienced in that unit, largely because of the diffi- 
culty of obtaining representative specimens from some installa- 
tions, or because it was felt desirable to direct attention largely 
to typical samples rather than to all those obtained during an 
inspection. Thus considerable time was spent on the samples 
from the 12th Street Station because they were easily obtained in 
large quantities, whereas at Schuylkill difficulty in obtaining satis- 


TABLE 2 ANALYSIS OF DEPOSITS IN CORROSION AREAS 


z es é) 5 6 7 8 9 10 ac 12 ashy all) 15 16 17 18 19 20 a. 22 
Extent of 
corrosion 
in sample Total iron Solubility 
Boiler area, Sample Total computed as in H90, 
Station No. inches. No. moisture SiOz A1203 Fej03; Fed Fe Fej03° CaO MgO S03 s NagO K20 Cu Crg03 Carbon percent. pH 
Chester 20 (f) C-6k, 0.3 5.3 uel - - - he? 0.6 '0.% 49.2) 0.0 35.5(b) = - - - - 3.3 
0,02 C-63 0.6 By ee? - =ag.2 = 0.2 0.0 0.1 32.3 3.4(b) - - S 0.97 - 5.0 
Firestone 23 0.08 c-70 - 7.2 u.2 - - - 15.9 0.2 0.0 7.5 0.0 22.7(c) - 0.5 - - 87.7 4.0 
(a) F-3 - 3.2 3.6 - - 57.8 = = - - 19.3 - - 0.2 - - 2.3 - 
Kearny -- (f) c-60 - 8.0 Leg 58.4 25.h 86.6 0.4 0.2 23) 10.0 - - - 3.0 - - - 
(f) c-61 - 4.7 3.1 B39 1.0 - 86.1 0.2 0.1 Zot *0.0 - - 5.2 - - - 
(f) C62 - A eee or 18.6 - 81.4, 0.3 0.1 4.3 0.0 - - - Oeki - - - 
"L® Street 76 0.02 C-21 - 2.1 2.7 - - 55.3 ~ 1.5 0.3 3.k 23.7 = - - - 0.5 3.9 6.0 
(f) c-22 - 3.5 Us.4 - - - 2.6 1b 0.7 32.9 0.0 2.5(b) = - - - 53.8 4.6 
Reaves Ave. 2 0.02 C-16 - 4.2 «65.5 - - = 2.3 2.8 0.6 hO.5 0.0 26.1(b). = - = - 70.0 4.0 
0.01 C-17 - 10.2 6.6 - - - y.9 4.6 1.1 36.9 0.0 25,8(b) - = - = 64.0 4.0 
Schuylkil 2h (a) C-36 - 1.2 2.9 oe - 78.1 = - 11.2 «20.0 - - - - 16.h 6.1 
"12th" Street 17 0.06 C-3 0.3 2.6 $.3 - - - 1.5 265s 10505 Sick, (0.0) SIs 20.0 - - - 96.0 3.5 
0,02 c-l 1,1 4.0 2.0 - - 1s Sl 230) <OLOm  SYsOM NOLO» Sas ey 17.8 9.15 = - 97k 3.0 
(a) c-9 0.2 8.3 6.2 - - - 16.6 Zor O62 36,5 0.0 28.7(>) = 0.6 - ~ 50.8 3.6 
{e) C-98 0.9 0.5 0.2 - - - 0.5 DSO 1053)" 52.1) 0207, Wi2s6Cb). = 9.5 - - (100) 3.5 
16 - 0.03 C-5 - 6.1 (a) - - = 13.0 2.5 0.0 2653 0.0 10.8 12.8 (0.15 = - 49.7 4.8 
0.09 c-6 - 7.9 (a) - - - 1h.0 J eerOeO) Pulilie5g 020,256)! 1,0 0.15 - - 71.6 3.2 
9.10 c-7 - 6.2 (a) - = - 8.0 3.3 0.0 46.2 0.0 19.2 16.0 0,16 - - 89.0 3.2 
(a) C3 - 7.3 0.4 - - - 27.7 5.1 0.8 33.7 0.0 25.0(b) - - - - 62.2 4g 
Waterside él 0.02 C-26 - 8.6 3.7 - - - 30.3 355, 8053) , 2927, - 17.8(b) - - - - uL.2 30% 
> 0.06 C-27 - 6.3 123 - - 42.2 - 1b 0.5 b.2 16.5 - - - - - 3.7 6.0 
0,02 C-26 - L.8 4.7 - 47.6 - 2.9 Ob 2.5 2.2 - - - - 1.5 2h: 6.1 
62 0.01 C-29 - 10.2 8.8 - - 65.7 143 0.6 9.9 0.0 3.5(b) = - - - 13.6 4.9 
9.10 C~30 - - - - - 22.4 - - - - 12.8 - - - - - €.8 4.3 
Winasor 72 0.10 C-46 - - - = - 52.0 - - - = 20.2 - - - ~ 3.1 0.7 6.1 
82 9.03 C-18 - - - ~ - 37.5 = - - - 21.5 - - - - b.0 1.8 6.1 
{a) Included with Fe203. (bo) Total alkalies, by difference, fe) Total alrajies, computed as aod. {d) ‘rom 4 walls of furnece, £m corrosion rreus. 


(e) Water-soluble portion of sample C-9. 


(f) Less tuan 0,010 incn loss. 
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factory samples discouraged quantitative analysis, most of the 
tests therefore being qualitative in nature. Moreover, for some 
stations no analyses are reported, either because no samples were 
obtained, or because upon examination they appeared to be of 
slight value in the study. 

Although the extent of corrosion observed in the area sampled 
is given in column 8, such data are only approximate and may 
vary widely from point to point. Furthermore, no completely 
satisfactory method has been devised as yet for measuring the 
loss of metal from tubes without removing sections of them from 
the furnace, which obviously is not practical in most instances. 
In all the cases reported, the surface of the tube in place was 
cleaned as well as possible by chipping and scraping, feeler 
gages then being used in conjunction with a “C” gage having the 
same diameter as the original tube. Because of the difficulty of 
cleaning the tube surface completely, these measurements were 
not always consistent, but the loss of metal reported is considered 
reasonably accurate. 

The analyses of the deposits (columns 5 to 20) were made by 
standard methods but not always for the same constituents be- 
cause of obvious differences in the deposits. In addition, the 
method of expressing data was adapted to individual conditions. 
Thus column 10 was used to express the quantity of iron in the 
sample in terms of equivalent metallic iron when that seemed 
justified, whereas in column 11, the equivalent iron was expressed 
as Fe.O; for othersamples. In the case of forms of sulphur, nosuch 
recalculation was made, the reported values in columns 14 and 15 
representing the actual quantity of sulphate or sulphide sulphur, 
respectively, in the sample. Alkalies, shown in columns 16 and 
17, were determined directly only on a few samples, largely be- 
eause of the difficulty of the analysis, but also because in most 
cases where the analysis otherwise was complete the alkalies 
could be determined by difference with sufficient accuracy. 
Early in the investigation, the pale greenish-blue color of one 
type of deposit was attributed to the presence of copper, and 
column 18 shows the copper content of several samples. Later it 
was evident that no significance need be attached to the small 
quantity present, and no further analyses for copper were made. 
Because of the black appearance of some specimens and other 
evidence that they came from strongly reducing areas, analyses 
were made for carbon on a few selected samples and are shown in 
column 20. It is apparent that, in some deposits, the presence 
of carbon may be significantly large. To distinguish between 
different types of deposits, their solubility in water is a useful 
guide, column 21 showing the solubility of most of the samples 
taken. A further important property is the acidity of the de- 
posits in aqueous solution, not because corrosion occurs as the 
result of damp surfaces during periods when the boiler is cold, 
but because it is an indication of the presence of materials radi- 
cally affecting the corrosive properties of the deposit at operating 
temperatures. This acidity is shown in column 22, which ex- 
presses the pH of a solution containing 1 g of the deposit in 100 
ml of distilled water, or nominally a 1 per cent solution. 


CHARACTERISTICS OF DEPOSITS 


With the exception of the Kearny mercury boiler, the deposits 
found in corrosion areas are of two distinct types, differing widely 
in characteristics and existing under different conditions. These 
two may be described briefly as the sulphate type and the sulphide 
type. 

Sulphate Deposit. This type of deposit occurs most often in 
areas where external corrosion has been observed and usually is 
found beneath a layer of slag. Because generally it has a glossy 
surface and closely resembles a fired-porcelain coating, it has often 
been referred to as “enamel.”’ Its color varies from an “‘off’’ white 
through greenish blue to pale blue and usually has more of a 
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bluish tint than green. The thickness of such deposits varies 
widely, ranging from only a few thousandths of an inch in some 
cases to as much as !/1, in. in others. Usually adhering strongly 
to the tube, thin layers may be moderately difficult to remove un- 
less underlaid by a weak layer of iron oxide, in which case fracture 
‘an occur in the oxide itself. Thicker layers usually can be re- 
moved easily by chipping. For example, about 2 lb of a typical 
thick deposit was removed from the walls of the No. 17 furnace 
at the 12th Street Station to make up sample C-9. 

Reference to Table 2 indicates the wide occurrence of this 
type of deposit. Of the 11 furnaces for which samples were 
analyzed, 4 showed the presence of sulphate deposits exclusively, 
and 5 more showed it to be present in significant amounts on the 
wall tubes, although sulphide deposits also were found in other 
areas. ‘Ghus sulphate deposits were present in more than 75 per 
cent of the furnaces examined. 

Of these deposits, those found in furnaces of the 12th Street 
Station were considered typical, and most attention was given to 
their study. Sample C-4, for instance, can be considered repre- 
sentative of this type. The relatively small amounts of SiOs, 
Al,O;, and CaO undoubtedly result from particles of fly ash 
or slag that have become entrapped in the deposit, while the iron 
content, computed as equivalent to 5.1 per cent Fe,O;, probably 
comes both from slag and from the corrosion of the tube. The 
presence of large amounts of SO; and of Na,O and K,O indicates 
that the deposit must consist of some form of Nay»SO, and K.SO,, 
Although the alkalies present account for only 32 per cent SOs, 
whereas the analysis indicated that 54 per cent was present. As 
might be expected, the sample is highly soluble in water. Fur- 
ther, the water solution is highly acid, the pH of a 1 per cent solu- 
tion being only 3.0. 

Other samples of sulphate deposits are similar in nature, al- 
though considerable variance in composition may oecur. Thus 
in obtaining some samples, flakes of iron oxide adhered strongly 
to the deposit with the result that the iron content of the sample 
might have been high, and the amount soluble in water con- 
sequently was decreased. In such cases the iron oxide was con- 
sidered an end product of the corrosion reaction, and the composi- 
tion of the effective material causing corrosion, that is, the water- 
soluble sulphate deposit, was little changed. For example, al- 
though sample C-9 contained 16.6 per cent equivalent Fe,O; and 
only 36.5 per cent SO;, the water-soluble portion (sample C-9A) 
was nearly identical with samples C-3 and C-4 from the same 
furnace. Basically, all samples of the sulphate deposits have 
been found to be alike, characterized by a large amount of SOs, 
moderate amounts of NasO and K.O, pronounced solubility in 
water, and an acid reaction in water. Because no known re- 
actions could explain the effectiveness of this material in causing 
loss of metal under the limitations of temperature already de- 
scribed, its study was considered the first objective of the experi- 
mental work to be performed in the laboratory, the results of 
which are given in detail in the report following.® 
- Sulphide Deposits. The other type of deposit commonly found 
in corrosion areas is characterized by the presence of sulphide sul- 
phur, usually present as ferrous sulphide. Although occurring 
less commonly than the sulphate deposit, nevertheless, under the 
proper conditions, it is accompanied by a serious loss of tube 
metal. Typically it consists of an insoluble, iridescent, bluish- 
black material, occasionally haying a brilliant dark-blue sheen, 
best described as “peacock blue.’”’ Distinguished easily by its 
appearance and color, its presence can be checked by its re- 
action with acids to liberate hydrogen sulphide. It oceurs in 
layers of varying thickness, in some cases being so thin as to be 
indistinguishable from a heat scale and in others as much as 1/s 
in. thick. 

Of the furnaces examined, only the two at Windsor showed the 
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presence of sulphide deposits exclusively, no sulphate deposits 
being found. In addition, 5 other furnaces showed the sulphide 
type to be present, sulphate deposits also being found in other 
areas. In two cases, at “L’’ Street and at Waterside Stations, 
both sulphide and sulphate characteristics existed in the same 
deposit, but the quantity of sulphate present was small and could 
be detected only by chemical analysis. 

Although corrosion accompanied by sulphide deposits re- 
sulted in severe loss of metal at Windsor Station, its investigation 
has been delayed until the completion of the study of sulphate 
corrosion. 


Oxide Deposits. An additional source of loss of metal may be 
oxidation resulting from operation of tubes at high temperatures. 
As already demonstrated, such conditions do not occur normally 
with furnace-wall tubes in steam generators. However, where a 
metal or alloy is subjected to higher temperatures or to other con- 
ditions than those for which it was designed, oxidation may be a 
significant item. Because such a condition was believed to be 
present in the mercury boiler at Kearny, it was examined to de- 
termine if actions were taking place similar to those found in other 
units. 

‘The tubes used in the mercury boiler are of Sicromo 5MS alloy 
containing 1.5 per cent silicon, 5 per cent chromium, and 0.5 per 
cent molybdenum and operate at a working temperature of about 
1250 F. During the first 2 years of operation, during which the 
boiler was fired with oil about one half of the time and the remain- 
der with coal, the observed loss of metal was about 20 times that 
predicted from laboratory oxidation tests, the loss being greater 
on the fire side of the tube than on the cool side. Because the 
inorganic residue in oil has been considered definitely corrosive 
under certain conditions, this loss of metal may be attributed to 
it rather than to actions resulting from the burning of coal; 
thus these data are not conclusive. 

Examination of the surface of a new tube installed since oil 
was last burned shows a slightly roughened surface, with so little 
loss of metal as to make exceedingly difficult any accurate meas- 
urement without removing a section of tube. However, a layer 
of oxide thick enough to indicate active corrosion was found; 
its analysis is given as C-60 in Table 2. A deposit from the ad- 
joining tube, which has been in service since the furnace was first 
installed was also analyzed and is reported as sample G-61, while 
a deposit from a tube on the opposite side of the furnace where 
carbon monoxide was present in low concentrations was an- 
alyzed as sample C-62. There is no essential difference in any 
of these deposits, their analysis showing them to be that expected 
from the oxidation of this steel. The absence of alkalies in sig- 
nificant amounts indicates that corrosion of the sulphate type is 
not occurring, and the fact that no sulphide sulphur could be 
detected showsthatloss of metal inthismanner is negligible. Thus 
it appears that, if excessive loss of metal still is occurring in this 
unit, the action of corrosion is by accelerated oxidation and no 
explanation of such metal loss is yet available. 


EFFECT OF SLAG 


Composition of Slag. As already noted, corrosion usually oc- 
curs beneath a layer of slag, but in areas where the ash exists on 
the tubes in a light fluffy form loss of metal normally does not 
occur. This agrees with the observed facts that corrosion may 
be serious in slag-tap furnaces but, if it occurs, is insignificant 
in dry-bottom furnaces. From these observations it might ap- 
pear that the slag was itself the corroding medium, but con- 
sideration of the physical properties of slag indicates that this 
is extremely unlikely, principally because the lowest temperature 
at which slag exists in the liquid state is very much higher than 
that known to exist at the surface of the tube. This has already 
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been discussed elsewhere,!® the conclusions being that the tem- 
perature of the slag at the boundary between tube and slag de- 
posit will be many hundred degrees cooler than the temperature 
of critical viscosity, with the result that the slag will be com- 
pletely in the solid state and without ability to react with the ma- 
terials with which it is in contact. 

Analyses of samples of slag taken from the walls of furnaces in 
corrosion areas show no essential difference from the slag in other 
locations. Table 3 gives the composition of slags from the No. 
18 furnace at 12th Street Station. 


TABLE 3 COMPOSITION OF SLAG 


Sample A B 
i 29.3 40.7 
24.0 24.7 
17.6 24.52 
2155 4.7 
0.0 0.0 
4.1 4.5 
1.4 1.2 
0.2 0.2 
1.9 2.8 
Rerriepéercentage.s.7t eae eet ee 42 80 
Viscosity at 2600,B. poises acc oh tetde vor inves eG 2.4 17 
Predicted temperature of critical viscosity, deg F.... 2550 2500 
Description: 
Sample A: From tubes in corrosion area, mildly reducing conditions; 


slag 1/s in. thick, dense, highly vitrified. Solid phase present on cold face. 

Sample B: From tubes outside corrosion area, definitely oxidizing con- 
ditions; slag 1 in. thick, vitrified on hot face, solid phase present near 
center, unsintered where in contact with tube. 


The differences in composition are attributed to segregation 
of ash in the furnace and to variations in the surrounding at- 
mosphere. The decreased thickness of sample A results from a 
higher rate of heat transfer in that area and a low viscosity. 
Both samples have about the same temperature of critical vis- 
cosity, indicating that both will be solids at about the same tem- 
perature, and reactions between each slag and other solids at tem- 
peratures’ below about 2200 F are considered extremely un- 
likely. 

Reactions between metallic iron and slag, even at high tem- 
peratures when both are in the liquid state, depend almost en- 
tirely upon the state of reduction of the slag. Thus metallic iron 
can exist in equilibrium with slag at temperatures where the slag 
is fluid only by imposing strongly reducing conditions so that the 
ferric percentage of the slag is very low. When the molten slag is 
allowed to oxidize somewhat, for example, by limited exposure 
to air, the metallic iron disappears as such and is converted to an 
oxide which reacts with the slag to increase its flux content. How- 
ever, this reaction is known to occur only at temperatures ex- 
ceeding about 1800 F and is not rapid below 2200 F for slags of 
usual composition; thus in the case of external corrosion such 
actions are quite improbable. Further, in the case of sample 4, 
had the increased content of iron oxide been attributed to metal 
removed from the tube rather than to segregation of ash in the 
furnace, the high rate of flow of this very fluid slag would have 
been capable of causing failure of the tube in an extremely short 
period, certainly not more than a few days. But because a solid 
layer of slag must exist at the tube surface where the tempera- 
tures are low, such reactions do not occur and the role of slag 
in causing loss of tube metal must be explained by some other 
mechanism. 7 

Dry-Bottom Furnaces. Although slag-tap furnaces have been 
the only ones in which severe corrosion of wall tubes has been 
observed, it has been suspected that loss of metal has occurred 
under dissimilar conditions in other fuel-burning applications. 
The failure of superheater elements already discussed may be 


16 “Ractors Affecting the Thickness of Coal-Ash Slag on Furnace- 
Wall Tubes,’”’ by W. T. Reid and P. Cohen, Trans, A.S.M.E., 
vol. 66, 1944, pp. 685-690. 
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such a case, but without further data on slag accumulations, metal 
temperatures, and composition of the gases, this cannot be evalu- 
ated properly. Also, failure of metal components of gas pro- 
ducers has been suggested as an instance of the same type of 
corrosion, but attempts to obtain definite information on such 
failures have not been successful. 

Because no positive loss of metal in pulverized-coal-fired dry- 
bottom furnaces had been reported by any operators, it was be- 
lieved that this type of equipment was immune to external cor- 
rosion. Consequently, when it was heard that corrosion was sus- 
pected in such equipment at the L Street Station, an inspection 
was made. This showed that conditions on the side walls in close 
proximity to the turbulent horizontal burners were not radically 
unlike those occurring in slag-tap furnaces, despite the fact that 
no flowing layer of slag was present. Perceptible roughening of 
the tube surface existed in a region on both side walls ranging 
over about 18 tubes near the burner wall, and over a maximum 
vertical distance ‘of about 4 ft. In this area, the maximum ob- 
served loss of metal was 0.025 in., and averaged about 0.010 in., 
but it is significant that most of this loss occurred on the tube 
quadrant facing the burner. Sample C-21 of Table 2 shows the 
deposit in this area to be of the sulphide type, and it was bluish 
black and of a hard brittle nature. Particular attention should 
be paid to the fact that this deposit contained 0.5 per cent car- 
bon, indicating the presence of highly reducing conditions. In 
the quadrant away from the burner, the adherent deposit was 
gray to greenish white in color and was of the sulphate type as 
shown by analysis C-22. 

Thus although dry-bottom furnaces are considered relatively 
free from external corrosion, some slight and normally unob- 
served loss of metal may occur under conditions where flame can 
impinge directly on the tubes. This loss may be insignificantly 
small but suggests the possibility of serious corrosion under un- 
usually unfavorable conditions. 


CONTROL OF CORROSION 


Although it is not within the scope of this report to include de- 
tailed results of corrective measures applied in the field to prevent 
further serious loss of metal, a brief discussion is warranted. 
Such measures were based on preventing reducing conditions 
at the surface of the wall tubes, as evidenced by the presence of 
carbon monoxide in the furnace gases, and by the observation 
that no corrosion was being experienced in zones where a plenti- 
ful supply of air was available. For this purpose, burner changes 
were made so as to blanket the wall with a stream of air, and in 
some cases, “air belts” were installed which admitted air between 
the tubes in the corrosion area. When the atmosphere was con- 
trolled satisfactorily, active corrosion was arrested, but diffi- 
culties in maintaining these conditions have not all been solved 
satisfactorily as yet. 

The relationship between the presence of carbon monoxide 
and active corrosion is not obvious except in the case of the sul- 
phide deposits where strongly reducing conditions are known to be 
necessary. With the sulphate deposits, it appears more likely 
that carbon monoxide is only an indication of other unfavorable 
conditions, such as the presence of the flame envelope in contact 
with the furnace walls, and that the addition of air serves simply 
as a diluent to decrease the concentration near the tubes of other 
constituents which may be responsible for corrosion. Thus the 
added air may serve only to ventilate the surface of the tubes, and, 
in the case of sulphate deposits, the fact that carbon monoxide is 
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also removed in the process may be of no importance. This will 
be discussed at some length in the next report.® 

CONCLUSIONS 

External corrosion of wall tubes in pulverized-coal-fired slag- 
tap furnaces has been observed in a large number of installa- 
tions, severe enough in some instances to result in failure of 
tubes, and in many others in tube replacement for security reasons. 
Although this type of corrosion has been recognized only since 
early 1942, evidence exists that earlier troubles associated with 
tube maintenance may have resulted from the same actions. 

Field studies included the inspection of 16 furnaces, most of 
which showed appreciable loss of metal from wall tubes. In ad- 
dition, studies of tube-metal temperatures, gas composition, and 
rate of heat transfer were made in some instances to determine 
the conditions accompanying corrosion. It was shown that (1) 
tube-metal temperatures did not exceed 900 F in any area at any 
time, and usually were less than 800 F; (2) tube-metal tempera- 
tures may be lower in corrosion areas than in adjacent locations 
where corrosion does not occur; (8) active corrosion usually oc- 
curs in zones where the furnace gas over the slag covering con- 
tains appreciable amounts of carbon monoxide; (4) the amount 
of sulphur dioxide in the furnace gas where corrosion is occurring 
is not excessive; and (5) the rate of heat transfer in corrosion 
areas is not significantly greater than in other parts of the furnace. 

Deposits existing in corrosion areas are shown by chemical 
analysis to be of two types. The most common consists princi- 
pally of sodium and potassium sulphate, is usually greenish blue, 
and strongly resembles a porcelain enamel in appearance, has a 
strongly acid reaction, and is highly soluble in water. The sec- 
ond contains large amounts of ferrous sulphide, is usually bluish 
black but occasionally is a brilliant ‘peacock blue,” is insoluble 
in water, and may contain up to 5 per cent carbon. Usually these 
deposits exist separately, but instances where they are found to- 
gether are noted. 

Data on the physical properties of coal-ash slags show that 
they are solids at temperatures lower than about 1800 F. Thus 
it is believed that slag does not react directly with the tube metal 
or its oxide coating, despite the fact that corrosion usually occurs 
beneath a layer of slag. 
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External Corrosion of F anaes WA Tubes II 
Significance of Sulphate Deposits and Sul- 


phur Trioxide in Corrosion Mechanism 


By R. C. COREY,? B. J. CROSS,? anp W. T. REID‘ 


The external corrosion of furnace-wall tubes of slag-tap 
furnaces became a problem to operators and manufac- 
turers in 1942. Since that time, in order to determine 
the mechanism of corrosion so that rational protective 
measures could be developed, an extensive laboratory 
study has been in progress on the sulphate, or ‘‘enamel,”’ 
deposits found on the tubes in areas where external 
corrosion occurs. These deposits are greenish-white to 
reddish-brown in color and are soluble in water, in which 
they produce an acid reaction. X-ray diffraction studies 
show them to consist primarily of a solid solution of so- 
dium and potassium sulphates and alkali-metal ferric 
trisulphates, such as K;Fe(SQO,);. Experiments under 
controlled laboratory conditions with actual and synthetic 
“enamels”? have shown that, at temperatures of 1000 F, 
sodium and potassium sulphates will react readily with 
iron oxide in an atmosphere containing a low concentra- 
tion of sulphur trioxide to form the same alkali-metal 
ferric trisulphates that occur in ‘‘enamels.’’ However, 
under the same conditions of temperature and concen- 
tration of SO; neither iron oxide nor the alkali-metal 
sulphates alone will react with SO;. These reactions 
suggest the mechanism of corrosion to involve the re- 
moval of the normally protective oxide on the furnace 
tubes by (a) the condensation on the relatively cool tubes 
of alkali-metal oxides which are converted to the corre- 
sponding sulphates by the SO; in the furnace, and (6) the 
subsequent reaction of the iron oxide on the tubes and 
the alkali-metal sulphates with the SO; evolved as the 
result of the slagging reactions in the coal ash deposited 
mechanically on the ‘‘enamel.’? Thus conditions are 
afforded for the removal of the iron oxide on the tube 
with the formation of alkali-metal ferric trisulphates. 
Deslagging causes thermal decomposition of these com- 
pounds, and the cycle is repeated. It is suggested that 
prevention of corrosion by this process can be achieved 
by ventilating the surface of the tubes with air so as to 
decrease the concentration of SO; below that necessary 
for the formation of the complex iron sulphates. Also, 
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because the alkali metals required for the reaction are 
believed to originate principally from the flame, the addi- 
tion of such air decreases the rate of deposition of alkalies. 
These findings are in agreement with field observations 
in which the maintenance of oxidizing conditions pre- 
vented further corrosion. 


INTRODUCTION 


EN ass data already have been presented® show- 
ing that two characteristic types of deposits on furnace- 
Jk : ae : : 
wall tubes are associated with external corrosion. The 
most prevalent type is a greenish-white to reddish-brown glazed 
material that is appreciably soluble in water in which it produces 
an acid reaction, and which contains a relatively large percentage 
of sodium and potassium sulphate. In other cases the deposit is 
dark-blue or black, magnetic, insoluble in water, and rich in 
ferrous sulphide. The present paper is concerned with corrosion 
occurring in the presence of the sulphate type of deposit; and 
because this deposit resembles in appearance a ceramic enamel 
it will be convenient hereafter to designate it as “enamel” to dis- 
tinguish it from the iron-sulphide deposit. 

It is well known that considerable information may be obtained 
about the mechanism of corrosion of metals at high temperatures 
if a critical examination is made of the products of corrosion, or 
of any deposits which occur at the site of corrosion.® 7 ® 9 With 
this as a premise in the -present investigation, considerable 
significance was attached to the exact chemical nature, and be- 
havior under controlled conditions, of actual and synthetic 
enamel deposits. The results of these studies suggested that 
unusual chemical reactions at temperatures between 600 to 1000 F 
were involved in the mechanism of corrosion. Inasmuch as the 
technical literature afforded no clue to the type of reactions be- 
lieved to be pertinent to the problem, it was necessary to supple- 
ment the work with considerable fundamental experimental 
study. 

The foregoing factors form the basis of the laboratory studies 
and fulfill partly the four primary objectives of the investigation, 
which were as follows: 


1 To determine the factors involved in corrosion associated 
with enamel deposits. 

2 To determine the mechanism of corrosion. 

3 To reproduce this type of corrosion under controlled labora- 
tory conditions. 


5 Part I of this study appears on page 279 of this issue of the 
Transactions. 

6 “Resistance to Furnace Atmospheres of Heat-Resisting Steels, 
by A. Quarrel, Journal of the Iron and Steel Institute, Special Report 
No. 24, 1941. 

7“The Corrosion of Alloy Steels by High-Temperature Steam,” 
by G. A. Hawkins, J. T. Agnew, and H. L. Solberg, Trans. A.S.M.E., 
vol. 66, 1944, pp. 291-295. 

8 “The Constitution of Seale,’’ by L. B. Pfeil, Journal of the Iron 
and Steel Institute, vol. 123, 1931, pp. 237-258. 

® “Corrosion by Hot Gases,’’ by R. C. Corey, Combustion, vol. 15, 
Nov., 1943, pp. 34-39. 
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4 To devise means for retarding the rate of corrosion to a neg- 
ligible rate, or arresting it completely, in operating furnaces. 


This paper is intended to present the results of laboratory 
work performed to date on the enamel deposits as related to 
these objectives. Inasmuch as no work of a similar nature has 
been reported elsewhere, numerous approaches to the problem 
were necessary before the present theory was developed. Con- 
sidering the plausibility of certain of these ideas, they will be 
mentioned briefly and reasons for rejecting them will be dis- 
cussed. 

It is contended that the reporting of negative results in an in- 
vestigation of this kind is equally as important as the positive re- 
sults, as they serve to delineate the scope of the investigation and 
to indicate the least probable, or impossible, interpretations. 


SCOPE OF INVESTIGATION 


The experimental work will be presented in two separate parts 
as follows: 


(a) Preliminary studies of various factors believed to be 
directly involved in, or related to, the mechanism. 

(6) The effect of alkali-metal sulphates and sulphur trioxide, 
as determined by experiments under closely controlled condi- 
tions in small electrically heated tube furnaces and in a small 
gas- and coal-fired furnace that was operated under conditions 
closely simulating actual furnace conditions. 


These phases of the work follow a more or less chronological 
order as it was only after the preliminary work had eliminated 
certain factors from consideration that other chemical and 
physical properties appeared to be related to the problem. 


PRELIMINARY STUDIES 


Oxidation of Steel at High Temperatures. Tt is desirable at this 
point to present briefly a few facts concerning the fundamental 
mechanism of the oxidation of plain low-carbon steel at tem- 
peratures up to 1200 F, as any discussion of such corrosion proc- 
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esses must consider the sequence of events at the surface of steel 
in contact with hot gases. ; 

The oxidation of steel by oxygen or water vapor produces « 
seale that consists of three separate phases as shown in Fig. 1. 
Nearest the metal is a phase known as wiistite, of the nominal 
formula FeO, which contains 75 to 77 per cent by weight of iron. 
Chemically it is a solid solution of iron in magnetite (Fe;O,).!° 
The middle phase consists primarily of magnetite, which con- 
tains 72.3 per cent by weight of iron and is strongly magnetic. 
The outer phase is ferric oxide, Fe:O3, which is reddish-brown and 
nonmagnetic and contains 70 per cent of iron. It is more com- 
monly known as hematite. The relative proportions of these 
three phases vary greatly, depending upon the temperature and 
the composition of the gas. The mechanism causing this heter- 
ogeneity in the scale is well established on experimental and 
theoretical grounds as the result of the diffusion of iron atoms 
from the metal outward through the scale. It is upon this phe- 
nomenon that the most recent mechanism of high-temperature 
corrosion is based and not, as formerly believed, on the diffusion of 
oxygen atoms inward through the scale to the metal-oxide inter- 
face. 
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The scaling of steel in the temperature range 550 to 850 F 
occurs parabolically with time, as shown in Fig. 2, and may be 
represented by the following equation 


where y = thickness of scale, k; = constant for the conditions 
under which oxidation is taking place, and ¢ = time. Thus for 
a given temperature, the rate of scaling decreases with the thick- 
ness of the scale as follows 


In the normal range of furnace-wall-tube temperatures, say, from 
650 to 800 F, for high-pressure boilers, the oxidation of low-carbon 
steel takes place at a relatively low rate, and the tube walls 


10 ‘The Crystal Structures of Fe, FeO, and Fe3:O, and Their Inter- 
relations,” by H. J. Goldschmidt, Journal of the Iron and Steel 
Institute, vol. 146, 1942, pp. 157-180. 

11“The Transition State Theory in Oxide Films,”’ by E. A, Gul- 
bransen, Trans. Electrochemical Society, vol. 83, 1943, pp. 301-317. 
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would not be thinned materially during the expected life of the 
unit. Any factors, however, that interrupt the normal growth 
of the scale, such as spalling, cracking, recrystallization, or re- 
moval of the oxide by chemical reaction with some other ma- 
terial, materially increase the rate of scaling at a given tempera- 
ture. In the case of the corrosion of furnace tubes, numerous 
factors were considered from this viewpoint, i.e., that whatever 
the mechanism of corrosion, the primary reaction was one in- 
volving removal of the normal oxide on the metal either mechani- 
eally or by chemical reaction. 

Rate of Corrosion of Steel in Sulphur Dioxide. Because of the 
fact that the corrosion areas in each furnace followed a unique 
pattern that could be related to flame conditions, consideration 
was given early in the investigation to the possibility that the con- 
centration of SO2 at the surface of the-tubes could become quite 
high as the result either of local concentration of combustion 
products from flame impingement or from the decomposition of 
solid products adhering to the tube, such as incompletely oxidized 
pyrites or ash during the slag-forming reactions. 

Accordingly, the rate of corrosion of steel specimens cut from 
boiler tubes was determined over a range of temperatures in air 
and in pure sulphur dioxide. The results, given in Fig. 3, show 
that, in the temperature range attained by furnace tubes, sulphur 
dioxide does not have a materially greater effect than air. These 
results are corroborated by the data of Hatfield! shown in Fig. 4. 

Although the lowest temperature at which his work was done 
exceeds by about 500 F that of a furnace tube, the results show 
that below 1000 F the effect of various gases is about the same. 
For these reasons, the effect of sulphur dioxide as such was 
given no further consideration. 

Effect of Carbon Monoxide on Bare Steel. Reports were re- 
ceived that a similar type of corrosion had been found in water- 
cooled gas producers and was believed to be due to reaction of 
the carbon monoxide with the steel to form an iron carbonyl. 
Inasmuch as relatively high concentrations of carbon monoxide 
are found in areas where corrosion is active, it was considered as a 
possible factor. 

Table 1 shows the properties of three common iron carbonyls.!* 


TABLE 1 PHYSICAL PROPERTIES OF IRON CARBONYLS 
Fe(CO)s5 Fe2(CO)s Fe(CO)« 
Form at room tempera- Pale yellow Orange hexago- Green prismatic 
ture liquid nal crystals crystals 
Melting point, deg C.... 20 Dissociates Dissociates 
Boiling point, deg C..... 102 Dissociates Dissociates 
Effect of heating........ Decomposes at Decomposes at Decomposes at 
180 C to 100 C to 140 C to 
Fe + CO Fe(CO)s, Fe Fe(CO)s, Fe 
and CO and CO 


Fieldner and Jones™ state that the formation of the penta- 
carbonyl, which is the most stable form, takes place mainly in the 
temperature range 100 to 300 C (212 to 572 F); the reaction is 
shown in Equation [3] 


Heys p.COl=—-We(GOve rn rens a2 a+ ts oe [3] 


reversing by an increase in temperature and decrease in the con- 
centration of carbon monoxide. 

It was apparent therefore that at the metal temperatures 
prevailing at normal operating conditions, and the concentra- 
tions of carbon monoxide associated with corrosion in slag-tap 
furnaces, direct combination of the steel with the carbon mon- 


12 “Heat Resisting Steels,”’ by W. H. Hatfield, Journal of the Iron 
and Steel Institute, vol. 115, 1927, p. 4838. 

18 “Tron Oxide Reduction Equilibria,’ by O. C. Ralston, U. 8. 
Bureau of Mines, Bulletin 296, 1929, p. 285. 

14“Tron Carbonyls; Their Physical ard Chemical Properties,’’ by 
A.C. Fieldner and G. W. Jones, American Gas Association Monthly, 
vol. 6, 1924, pp. 489-447. . 
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oxide to form volatile iron carbonyls was not a factor in cor- 
rosion. 

Effect of Molten Alkali-Metal Sulphates on Steel. The enamel 
deposits contain a high percentage of sodium and potassium sul- 
phate. Therefore, the possibility was considered that the tem- 
perature of the deposit might exceed the melting point of the 
alkali-metal sulphates and the molten salt consequently would 
attack the tubes. The melting point of mixtures of sodium and 
potassium sulphates depends upon the ratio of the salts and may 
vary from a minimum of 1530 F, for a 75 per cent Na»SOu, 25 per 
cent K2SO, mixture, to 1950 F for pure K2SOx,, as shown in Fig. 5. 

Corrosion tests were made by placing cleaned and weighed speci- 
mens of boiler steel in a molten mixture of alkali-metal sulphates 
whose melting point was 1530 F, and the temperature was main- 
tained at 1600 F. The tests were conducted both in air and in 
nitrogen containing less than 0.2 per cent oxygen. To provide a 
reference point, the rate of corrosion of the same steel in air, 
without contact with the molten salt, also was determined. 

The results given in Fig. 6 show that the steel corrodes at a 
much higher rate in the molten salt than in air alone. The in- 
itial condition of the steel, that is, whether it was clean or had 
an appreciable oxide scale, had no effect on the results. Sub- 
sequent work, to be described later, showed that molten alkali 
sulphates do not attack iron oxide, therefore, in these experi- 
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ments the scale apparently was removed mechanically, permitting 
the molten salt to attack the bare metal. 

Two adverse factors caused this mechanism of attack to be 
rejected from further consideration. An examination of the 
product of the test in nitrogen showed it to be strongly alkaline in 
water and to contain a large amount of sulphide sulphur, proba- 
bly combined as sodium ferrous pentasulphide, FeS-4Na.S, 
or the corresponding potassium salt. In the test with air over 
the molten salt, the product was somewhat less alkaline but con- 
tained considerable iron sulphide. These characteristics are op- 
posite to those of furnace-tube enamels, which do not contain 
sulphides and which produce an acid reaction in water. The 
other factor concerns the temperature necessary to effect the cor- 
rosion of the steel, being a minimum of 1530 F to permit melting 
of the salt. Subsequent work indicated that the temperature of 
the enamels probably does not exceed 1100 to 1200 F, and as this 
is considerably below the melting point of the alkali sulphates, no 
reaction will occur. 

Action of Molten Alkali Sulphates on Magnetite. The protect- 
iveness of the normal oxide on steel depends upon its inertness 
toward substances with which it is in contact and also upon its 
physical structure remaining undisturbed. For example, spall- 
ing or cracking of the oxide as the result of changes in its density 
would permit the corroding gases to reach the metal. The pos- 
sibility was considered that a decrease in the density of the scale 
might result from diffusion of aluminum atoms, which are a con- 
stituent of the enamel, into the scale. 

The basis for this action is as follows: 

Magnetite, a constituent of the normal oxide on steel, belongs 
to a class of compounds known as spinels, !® which bear the general 
formula M”’O-M2’’’O; where M” is a divalent and M’’’ a tri- 
valent metal. In the case of magnetite, Fe;O., which is repre 
sented more properly by FeO-Fe.O;, the metals are the same, 
ferrous and ferric iron, respectively. A characteristic of spinels 
which is important to the present case is that they can take cer- 
tain elements into solid solution, aluminum being a notable ex- 
ample, and a change occurs in the size of the unit cell of the spinel 
which is reflected by a change in its density. If, for example, 
aluminum atoms diffused from the enamel into the oxide on the 
tube, a maximum contraction of 15.6 per cent in the unit cell of 
the magnetite could occur, the density changing from 5.20 to 
4.39 g per cu cm, and cracking or fissuring of the scale could occur. 

The effect of aluminum on magnetite was determined by tests 
in which 1:1 mixtures of powdered magnetite with powdered 
samples of (a) 67.5 per cent NaSO,, 22.5 per cent K2SO,, 10 per 


1s “A Study of a Group of Spinels,’’ by C. W. Parmelee, A. E. 
Badger, and G. A. Ballam, Bulletin No. 248, University of Illinois, 
June 17, 1932. 
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cent Al,O; and (b) enamel deposit from the 12th Street Sta- 
tion were heated at 1600 F for several days in an inert atmos- 
phere. At this temperature the alkali-metal sulphates were 
molten, a purposely rigorous condition to effect any possible re- 
actions in a short time. An X-ray diffraction pattern was made 
of the products to determine if solid solution of aluminum, or 
other changes, had occurred in the magnetite. 

The results showed that the magnetite remained unchanged 
and that it did not react with the molten salt, therefore these 
possibilities were considered no further. 

Effect of Slag. In the early phases of the investigation, the 
slag immediately overlaying the corroded tubes was given some 
attention, as it was logical to suspect that it was directly involved 
in, or contributory to, the action. 

Two conditions must be fulfilled if corrosion is to occur as the 
result of chemical reaction of the slag with the normal oxide on 
the tube; (1) there must be direct contact of the slag with the 
oxide, and (2) the temperature at the oxide-slag interface must 
be at or near that at which a liquid phase can form. There are 
two factors to be considered relative to the temperature at the 
oxide-slag interface, i.e., the heat-transfer coefficient of the oxide 
on the tube and the ability of coal-ash slags to react with the 
oxide layer at that temperature. 

Considering first the temperature at the interface, the sche- 
matic diagram in Fig. 7, shows a sheet of slag in contact with the 
normal oxide on the tube. If the coefficient of thermal con- 
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ductivity k and the thickness of the oxide were known, it would 
be a simple matter to calculate the temperature at the oxide- 
slag interface for a given metal temperature and rate of heat 
transfer, Neither of these factors, however, is known with cer- 
tainty, although a reasonable estimate of the thickness of the 
oxide may be obtained from high-temperature corrosion data. 

It is possible, however, to estimate the magnitude of k for 
iron oxide scale from data that were published recently.16 Table 
2 shows these data in familiar units. 


TABLE 2 THERMAL CONDUCTIVITY OF IRON OXIDES 


Material k = Btu/hr-ft?-deg F-in. 
Single crystal of hematite, Fe.Oz............... 93.5 
Wassive hematite, seh cs «feces sclecin oe ete tees 16.7 
Massive magnetite, FesOu..... 2.2.2. ee eee 8.3-20.8 


The difference between the value of & of a single crystal of 
hematite and that of the massive form is the result of a difference 
in density between the two materials, the latter being an aggre- 
gate of smallerystals. It is to be noted that k for massive mag- 
netite is of the same magnitude as that of massive hematite. It 
is a reasonable assumption, therefore, that k for a single crystal 
of magnetite is of the same order as that of a single crystal of 
hematite and for the purpose of this discussion it will be assumed 
to be k = 100. 

The normal oxide formed on steel at high temperatures is dense 
and, depending upon the conditions under which it is formed, 
may consist of large or small crystals of hematite and magnetite. 
The value of k therefore probably will lie between 21 and 100. 
For the present purposes, a mean value of k = 60 will be used, as 
it will be seen that, regardless of whether a mean value or the 
minimum value is used, the maximum temperature at the inter- 
face will not be affected seriously. 

At a tube-metal temperature of 700 F, the normal oxide would 
not exceed a thickness of 0.010 in. over a reasonable period of 
normal service. Moreover, it would be in such close contact 
with the steel surface that it can be assumed that no temperature 
gradient would exist between the metal and the oxide. There- 


16 ““Ffandbook of Physical Constants,’’ by F. Birch, J. F. Schairer, 
and H. C. Spicer, Geological Society of America, Special Paper 
No. 36, 1942. 
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fore, assuming a heat-transfer rate of 150,000 Btu per sq ft 
per hr through the tube, the temperature gradient through the 
oxide would be 


1 = (150,000) (0.010) 


an = 25 deg F 


resulting in a temperature of 725 F at the oxide-slag interface 
under these conditions. 

Regarding the temperature at which the liquid phase can form 
at the oxide-slag interface, it is necessary to discuss briefly some 
of the properties of coal-ash slags. Although the chemistry of 
such slags is complex, owing to the many constituents involved, 
it is possible to establish with reasonable accuracy the lowest 
temperature at which a liquid phase can form. In addition, 
experimental work on the fusibility and viscosity of coal-ash slags 
also is available to indicate the minimum temperature at which 
slags have fluid properties. 

Coal ashes contain compounds of silicon, aluminum, iron, and 
calcium, with smaller amounts of magnesium and the alkali 
metals, sodium and potassium. In addition, insignificant amounts 
of titanium and phosphorus also are present. At temperatures 
where slag forms, complicated reactions occur in the ash to pro- 
duce complex silicate phases, and the variables which affect the 
formation of these phases are (a) the original composition of the 
ash (including the petrographic form of the constituents), (6) 
the temperature at which they are formed, (c) the time that the 
slag is maintained at this temperature, and (d) the ratio of oxidiz- 
ing to reducing constituents in the surrounding atmosphere. 

A petrographic or an X-ray diffraction analysis of the slag 
shows definitely the primary solid phases which crystallize from 
the slag during cooling and are embedded in a glassy matrix, 
For example, in a slag that is low in calcium and magnesium, such 
as occurs with most eastern bituminous coals, and belongs es- 
sentially to the SiO,-Al,O;-FeO system, the following crystalline 
phases may be found: 


Mullite AlpSizOrs 
Hercynite FeAl.O, 
Fayalite FeSiO, 
Maenetite Fe;O, 


A photomicrograph of a typical thin section of slag, as viewed 
by transmitted light, is shown in Fig. 8 and illustrates the erys- 
talline phases mullite and hercynite in a glassy matrix. 

The phase diagram of the SiO,-Al,0;-FeO system?’ is shown in 
Fig. 9. Its essential features, for the present discussion, are the 
minimum temperatures in the system at which the eutectics and 
the peritectics will melt, as it is at these temperatures that liquid 
phase first will be formed on heating. It is to be noted that this 
minimum melting point in the SiO.-Al,0;-FeO system is 1963 F, 
occurring at a composition where hercynite, fayalite, and tridy- 
mite all arein equilibrium. Results of cone-fusion determinations 
of coal ashes confirm this fact experimentally, initial deformation 
temperatures never being observed at less than about 1800 F. 
Values this low probably result from the presence of feldspars 
or alkali-metal salts, which explains the decreased temperature 
compared to the SiO:-Al,O;-FeO system. Further, viscosity 
measurements show that the minimum temperature at which any 
liquid can be detected in coal-ash slags is also about 1800 F, and 
that most slags containing any liquid phase have a viscosity of 
more than 100,000 poises at these low temperatures. Thus, for 
this application, coal-ash slags can be considered to be solids at 
temperatures less than 1800 F. 


“The System CaO-FeO-Al,0;-SiOz: I. Results of Quenching 
Experiments on Five Joints,’’ by J. F. Schairer, Journal of the 
American Ceramic Society, vol. 25, no. 10, 1942, pp. 241-274. 
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Therefore, if the premise is correct that before reaction can 
occur between the slag and the oxide, the temperature at the in- 
terface must be at or slightly below that at which liquid phase 
will form in the slag, the temperature at the oxide-slag interface 
is far too low for such reactions to occur. 

Effect of Fe-FeS or FeO-FeS Hutectics. The possibility was 
considered that corrosion occurred as the result of iron sulphide 
deposits on the tubes reacting with the tube metal or its oxide to 
form eutectics of low melting point which then progressively at- 
tacked the metal, probably by intergranular penetration. 

A metallographic examination was made of a number of cor- 
roded tubes for evidence of eutectic phases. The photomicro- 
graphs in Fig. 10 show the microstructure of the metal in the cor- 
roded section of tubes from three stations where the enamel 
deposit was prevalent and one station where sulphide deposits 
occurred. The microstructure of the FeO-FeS eutectic also is 
shown for comparison. No evidence of eutectic phases is to be 
found in any of the tube samples. 

Brief consideration of the chemistry of the FeO-FeS and the 
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Fe-FeS systems will show that the temperatures prevailing at the 
surface of the tubes are too low for the formation of eutectics of 
this type. 

It has been shown experimentally!8 and by free-energy data! 
that the reaction 


FeS + 3Fe;0, = 10FeO + SOz.......... [4] 


will not proceed below about 1850 F. Preece? states, “At 
tempering and hardening temperatures, i.e., 650° C (1202° F) 
to slightly below 900° C (1652° F) there is no formation of the 
oxide-sulphide complex—and there is little or no tendency for sul- 
phide penetration along the grain boundaries. At temperatures 
above 900° C the sulphide forms a molten oxide-sulphide com- 
plex at the scale-metal interface, which penetrates into the metal 
along the grain boundaries.” 

An explanation for the temperature required for the formation 
of Fe-FeS,2¥ 22 and FeO-FeS?3 eutectics is afforded by the equi- 
librium diagrams for both systems, which are shown in Fig. 11. 
It is apparent that for molten Fe-FeS eutectic to form at the sur- 
face of the tube the temperature would have to be 1805 F, and 
for the FeO-FeS eutectic it would have to be 1724 F. 


The FeO-FeS system 
(According to Oberhoffer) 


The Fe-S system 
(According to M. Hansen) 
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The Chemical and Physical Properties of Enamels. At- 
tention next was directed toward a critical examination of the 
enamel deposits. It was logical to suspect that they played an 
important part in the mechanism, inasmuch as this type of de- 
posit always was found where corrosion was active. It should 
not be inferred, however, that corrosion always was found under 
an enamel deposit; rather, its presence indicated a potentially 
corrosive state that would become active under certain condi- 
tions, 


18 “The Reaction Between Magnetite and Ferrous Sulfide,’ by 
I. S. Wartman and G. L. Oldright, Bureau of Mines Report of In- 
vestigations, no. 2901, 1928, pp. 1-14. 

‘Reactions Between Iron Sulfide, Sulfur Dioxide, and Iron 
Oxides in the Metallurgy of Copper,’ by A. C. Halferdahl, Industrial 
and Engineering Chemistry, vol. 22, 1930, pp. 956-963. 

20 “Removal of Sulfur From Gaseous Fuels,’”’ by A. Preece, Engi- 
neering, vol. 155, 1948, pp. 405-406. 

21*‘Der Aufbau der Zweistofflegierungen,’’ by M. Hansen, Julius 
Springer, Berlin, 1936, p. 723. 

22 “Pyrrhotite—Melting Relation and Composition,’ by E. Jensen, 
American Journal of Science, vol. 240, 1942, pp. 695-709. 

23“'T)as Technische Wisen,’’ by P. Oberhoffer, Julius Springer, 
Berlin, second edition, 1925, p. 98. 
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To afford a basis for the experimental work that is to be de- 
scribed, it is desirable to examine the chemical composition and 
physical properties, given in Table 3, of the typical sample of 
enamel that was removed from the wall tubes of No. 17 boiler 
of the 12th Street Station. 


TABLE 3 EXAMINATION OF ENAMEL DEPOSIT, SAMPLE C-9 

Chemical analysis: Per cent 
Bilichs SiGe. saeacd cong > a ove eee erMeter cs ers 8.3 
Aluminum calculated as AloO3s....-.... 6.2 
Total iron calculated as FeeOs......... 16.6 
Calcium calculated as CaO........ pata, AeA 
Magnesium calculated as MgO........ 0.2 
Sulphur trioxide, SOz........ eds; ak SOUS 
Alkali metals calculated as NaoO...... 28.7 
Copper, Cais aces - us near -tpee OE} 
Solubility in water............ Greig (0850 
pH of 1 per cent solution in water-—3.3 


Loss of weight in 24 hr at: 


Q20 Beco ntrarece eee ae oer a: tc On 
LOOOGR site i: aoe eee oe ee mee By IP. | \ Sulphur trioxide 
PIOO Ri Bee cat ten ale share eae 3.4 evolved 


Melting point: 

Not sharp; becamefsemimolten at 1200 F; solidified as temperature was 
increased; then became semimolten again at 1500 F. 

Physical appearance in ‘‘as-received’’ condition: 

Brittle, greenish-white to reddish-brown glazed flakes, A, in Fig, 12. 
Average thickness, 0.020 in. Side in contact with tube generally had a 
thin layer of iron oxide tightly bonded to it, B in Fig. 12, When the 
deposit was ground and added to cold distilled water, it produced an acid 
reaction. When the solution was filtered rapidly to remove insoluble ma- 
terials, filtrate assumed a brownish opalescence which, with heating, be- 
came a reddish-brown flocculent precipitate, indicating that the sample 
contained a soluble iron compound which hydrolyzed to an insoluble 
iron oxide. 
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The outstanding characteristics typical of all enamel samples 
were the relatively low pH which they produce in water, the 
presence of a water-soluble iron compound, the evolution of sul- 
phur .trioxide when heated, and an indefinite melting point. 
These characteristics suggested the following questions: 


(a) How are the sodium sulphate and potassium sulphate com- 
bined? 


(b) How is the iron combined? 
(c) What changes occur upon heating them? 


(d) What causes the enamels to produce an acid reaction 
in water? 

An X-ray diffraction analysis was made of the enamel to 
determine the compounds present. This method of analysis is 
unique for this purpose, as it is impossible to determine the com- 
pounds present in a complex mixture by ordinary analytical 
methods. All X-ray diffraction analyses were made by the 
Debye-Scherrer-Hull method, using filtered copper radiation 
produced at 35 kv and 20 ma. The samples were mounted by 
the wedge technique in quadrant cassettes of 20.35 cm radius. 

The X-ray patterns, shown in Fig. 13, indicate that the sodium 
and potassium sulphates do not exist independently in the 
enamel but are in solid solution in the weight ratio of 3 K,SO, 
:1 Na.SOx, a composition corresponding closely to that of the 


Fie. 12 Fuaxes or Typicat “ENAMEL” Deposir; MaaGniricatTion X10 


(A, Furnace side, 


B, Side in contact with tube showing adherent magnetite.) 
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mineral glaserite,?* which has a nominal formula K;Na(SO,)2. 
The fact that the alkali sulphates are in solid solution is shown by 
the correspondence of the lines with a synthetic solid solution of 
75 per cent K,SO, and 25 per cent Na2SOy. It is to be noted that 
the lines in Fig. 13 (I), correspond closely with those in Fig. 13 
(III), which is pure K,SO;, except that the lines of the former are 
shifted slightly to the right. This shift is characteristic of the 
formation of solid solutions, arising from the fact that the di- 
mensions of the unit cell of the potassium sulphate, which is the 
solvent in this case, are changed as sodium sulphate, the solute, is 
taken into solid solution. The change in cell dimensions of the 
solvent is reflected in shifts in its diffraction angles which are 
proportional to the amount of solute present. 
Fig. 14 (1) is an X-ray photogram of the 12th Street enamel. 
The next photogram, Fig. 14 (II), is that of the same sample 
\after heating at 1400 F for several hours. It is to be noted that 
the diffraction line under the arrow in (I) has disappeared and 
that lines of Fe,0; have become more pronounced in the heated 
sample. This indicates that there was a complex iron compound 
in the deposit which was decomposed by heat to form Fe,O;. It 
will be shown later that, when the enamels are heated above 
about 1000 F, sulphur trioxide (SO;) is evolved. Therefore, it 
was believed that the iron was combined with sulphur trioxide 
in some manner, although not as ferric or ferrous sulphate, as no 
lines for these compounds were found in the X-ray pattern. It 
was reasoned, therefore, that if SO; and FeO; occurred as the 
result of heating the enamel, then by placing the heated 
enamel in an atmosphere of SO; the line which had disap- 
peared from the original sample should reappear. Accordingly, 
the sample was heated at 1000 F in an atmosphere containing 


24On the Formation and Inversion of Mix-Crystals and Double 
Salts in the Binary Systems of Dimorphous Sulfates of Lithium, 
Sodium, Potassium, and Silver,’’ by R. Nacken, Neues Jahrbuch fiir 
Mineralogie, Geologie und Paleontologie, Beilageband, vol. 24, 1907, 
pp. 1-68 (see Chemical Abstracts, vol. 1, 1907, pp. 2345-2347.) 
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about 1 per cent by volume of SO;. The next photogram, Fig. 
14 (III), is that of the product after this treatment. It is to be 
noted that the line has reappeared and the lines of Fe.O; have dis- 
appeared, thus confirming the fact that the iron in the enamel 
was combined mainly as a sulphate compound. 

Inasmuch as the X-ray diffraction literature on inorganic 
compounds did not show any iron compound with a strong line 
corresponding to that of the unknown, it was necessary to syn- 
thesize a number of likely compounds in the laboratory and to 
compare their X-ray diffraction patterns with that of the sample. 
It was found from this work, which will be described in detail 
later, that the iron is combined in the enamel as potassium 
ferric trisulphate, K;Fe(SOs)3. It is to be noted from its X-ray 
photogram, Fig. 14 (IV), that it has an intense line correspond- 
ing to the unknown line in the enamel. This line corresponds 
to an interplanar spacing of d = 3.25 Angstrom units. The ter- 
minology of X-ray diffraction data is described elsewhere.”® 

In Table 3, it is noted that upon heating, the enamel lost 
weight and sulphur trioxide was evolved. This loss of weight 
could result from the loss of water or from the decomposition of 
alkali-metal pyrosulphates or potassium ferric trisulphate, sul- 
phur trioxide being evolved as follows 


Heat 
Heat 
K3Fe(SOx)3 = 3K.SO, + FeO; 35 3503. eataha: Wont ey elites [6] 


Although the X-ray pattern of the enamel did not show the 
presence of pyrosulphates, which might be formed by reaction 
of sulphur trioxide with the sodium and potassium sulphates, 
there was the possibility that they might be present in amounts 
up to about 5 per cent, in which ease the diffraction lines would 
not be strong enough to be detected. 


2% “X-Ray Diffraction—A New Industrial Research and Control 
Technique,” by R. Corey, Combustion, vol. 16, July, 1944, pp. 48-55. 
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The presence of pyrosulphates in the enamel is important 
from the standpoint that molten pyrosulphates attack iron oxides 
very rapidly according to the following equation 


3M.S207 (molten) + Fe,03 = 2M;Fe(SOs)s Es cratenenerenene [7] 


where M = Na or K. 

From qualitative observations of the behavior of the enamel 
on heating, it did not appear that pyrosulphates were present to 
any considerable extent. In order, however, to determine more 
precisely the behavior of the enamel, it was heated in air for 
24 hr at various temperatures, the loss of weight being deter- 
mined at frequent intervals during this period. 

For comparison with the enamel, K;Fe(SO,); and a mixture 
of potassium pyrosulphate and potassium sulphate were heated 
under the same conditions; similar tests were made with the 
sodium salts. 

The K;Fe(SO,)3 and Na;Fe(SO.)3 were synthesized by heating 
together stoichiometric amounts of ferric sulphate and the re- 
spective alkali-metal sulphate in evacuated, sealed tubes at 1000 
F for 24hr. An X-ray diffraction pattern of the products showed 
that complete reaction had occurred to form the desired com- 
pounds. The tests were made in a vertical electrically heated 
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tube furnace the temperature of which was controlled to +5 deg 
F. The velocity of air over the specimens was maintained at a 
low constant rate for all determinations. 

The results for the enamel and the pyrosulphates are given 
in Fig. 15. The lower graph gives the absolute loss of weight at 
various temperatures, and the upper graph, a different plot of the 
same data, shows the percentage of the total loss of weight of 
the materials at various temperatures. For the enamel, these 
data may be summarized as follows: 


1 The 0.7 per cent loss at 250 F represents water. 

2 The additional loss of 0.7 per cent between 250 and 600 F 
represents decomposition of pyrosulphate, which begins at about 
600 F for potassium pyrosulphate and 500 F for sodium pyro- 
sulphate. This represents approximately 2 per cent of pyro- 
sulphate in the enamel. 

3 The sharp increase in the loss of weight between 1000 and 
1100 F represents decomposition of the K;Fe(SO,); in the en- 
amel, which is shown in Fig. 16, to begin decomposing according 
to Equation [6] at about 1100 F. Calculation shows approxi- 
mately 10 per cent of K;Fe(SO,); to be present. 
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It has been noted that a 1 per cent solution of the enamel 
in water has a pH of 3.3. Some of this acidity may result from 
the small amount of pyrosulphate present, but an acid reaction 
also occurs when the complex iron compounds K;Fe(SO,4)3; and 
NasFe(SO,); are dissolved in water. This results from hy- 
drolysis of the salt by the water, liberating free sulphuric acid 
as follows: 


2MsFe(SO4)3 + 3H20 = 3M2SO,4 + Fe203 + 3H2SO,... [8] 


A synthetic enamel was made by mixing K;Fe(SO,)3; and 
Na;Fe(SOq)3 in various percentages with a synthetic solid solu- 
tion of 3K,SO.-NaSO. A 1 per cent solution in water then was 
made of the mixture, and the pH was measured with a glass elec- 
trode. The results obtained are given in Table 4. 


TABLE 4 ACIDITY OF MIXTURES OF ALKALI-METAL FERRIC 


TRISULPHATES AND 3K2SOi-Na2SOs 


-—Quantity in mixture, per cent—~ pH of 1 per cent 


KsFe(SOs)3 NaszFe(SOs)s solution 
5 ee 3.45 
10 ” 3.05 
15 oe 3.00 
5 3.30 
10 3.15 
15 2.95 


These pH values are of the same magnitude as that produced by 
the enamel. 

As a result of these studies, it is known that enamel de- 
posits (a) contain sodium and potassium sulphates in solid solu- 
tion; (6) contain a small amount of alkali-metal pyrosulphate; 
(c) contain iron combined primarily as the compound K;Fe(SO,); 
or NasFe(SOx)3; (d) are acid in an aqueous solution because of 
hydrolysis of the pyrosulphates and the complex iron com- 
pounds; and (e) decompose when heated, the pyrosulphate 
breaking down at about 600 F, and the complex iron compound 
at temperatures over 1000 F. 


Reactions Berween ALKALI-Merat SuLpHATES, TRON OXIDE, 
AND SuLPHuR TRIOXIDE aT 1000 F 


The most significant characteristic of the enamel is the 
manner in which the iron is combined, as the mechanism of cor- 
rosion is based on the reactions involved in the formation of 
the complex iron compounds. Thus if the iron oxide on the 
tube, the sodium and potassium sulphates in the enamel, and 
the sulphur trioxide in the gases in contact with the enamel 
react at operating temperatures according to the equation 


100, 
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3M.SO, + Fe,0; + 3803 = 
(tube) (gas) 


2M3Fe(SO.); a rege sie Sct ieleepat te Ce ei8 [9] 
(enamel) 


then removal of the normal oxide on the tube could occur until 

the enamel was converted completely to the complex iron com- 
pound, resulting in a higher rate of corrosion of the metal than 
if the enamel were not present. Consequently, a series of ex- 
periments was directed toward determining the conditions neces- 
sary for the formation of the alkali-metal ferric sulphate found in 
‘the enamel. 

Essentially, the procedure followed was to pass dry mixtures 
of sulphur trioxide and air over weighed amounts of powdered 
alkali sulphates, iron oxide, and intimate mixtures of these sub- 
stances, the gas and samples being maintained at 1000 F, and 
the tests lasting 24 hr. The samples then were weighed, the 
increase in weight representing the amount of sulphur trioxide 
that reacted with the material. A temperature of 1000 F was 
selected for these tests as representing an average temperature 
of the enamel deposit on the furnace tubes. Lower tempera- 
tures would result in a difference in degree rather than in kind 
of reaction. The pH of these residues was determined, and an 
X-ray diffraction pattern was made when it was desirable to de- 
termine the phase that had been formed. 

The sulphur trioxide was prepared by mixing the required 

' amount of sulphur dioxide with air in 20-liter bottles, using a satu- 
rated brine solution as a retaining fluid. By using a layer of min- 
eral oil over the brine, any solution of the gas largely was pre- 
vented. This mixture of gases, after being dried, was then passed 
at the constant rate of 0.75 liter per hr over a platinum catalyst 
maintained at 750 F, at which temperature maximum conversion 
to sulphur trioxide occurs. The catalyst was packed into one end 
of a l-in-diam X 26-in-long pyrex tube, separate electrically 
heated furnaces being used to heat the catalyst and the reaction 
sections of the tube. Being continuous, there were no cool sur- 
faces between the catalyst and the specimens, thus no condensa- 
tion of sulphur trioxide could occur to decrease the concentration 
in the vapor phase below that desired. Platinum-platinum- 
rhodium thermocouples were used to measure temperatures, 
which were controlled automatically to = 5 deg F. 

In Table 5 are shown the qualitative data obtained under 
these conditions. A plus sign indicates that an increase of weight 
occurred due to the reaction of sulphur trioxide with the material 


in question, and a minus sign indicates that no reaction occurred. 
? 


TABLE 5 REACTION OF SOs wenn VARIOUS MATERIALS AT 
1000 


Phase formed 
SO:, per cent by volume————. when reaction 


} Material 0.025 0.05 0.1 0.3 0.5 1.0 2.5 5.0 occurs 
Na2SOx — No reaction 
OS eee ee + + + K2S207 
ees Ola ova cea bch eps aa + + + Fe2(SOs)s 
Mixtures. of: 

Na2SOs and Fe2:O3.. + is Ot ii a ote ashe oOn)s 
K2SO« and Fe203..... Ta Se0 gp §+e sar) = SE Sp Zee 


The significant facts from these 
marized as follows: 


experiments may be sum- 


1 Sodium sulphate will not react with sulphur trioxide to 
form sodium pyrosulphate at concentrations of 5 per cent by 
volume, or less, of sulphur trioxide. 

2 Potassium sulphate will not react with sulphur trioxide to 
form potassium pyrosulphate at concentrations of 0.5 per cent 
by volume, or less, of sulphur trioxide. Molten potassium pyro- 
sulphate begins to form at approximately 0.8 per cent by volume 
of sulphur trioxide, which corresponds to a partial pressure of 6 


mm Hg. 


3 Ferric oxide will not react with sulphur trioxide to form fer- 
ric sulphate at concentrations of 0.5 per cent by volume, or less, 
of sulphur trioxide. 


299 


4 Mixtures of sodium sulphate or potassium sulphate and 
ferric oxide react with sulphur trioxide to form sodium ferric 
trisulphate, Na;Fe(SO,);, and potassium ferric trisulphate, K;Fe 
(SOx)3, respectively, at concentrations as low as 0.025 per cent 
of SO; corresponding to a partial pressure of 0.2mm Hg. The 
residue dissolved in water has a pH of 2.8 to 3.3. 


Thus under conditions where neither iron oxide nor the 
alkali-metal sulphates alone will react with sulphur trioxide at 
1000 F, mixtures of these materials will combine definitely to 
form complex alkali-metal ferric sulphates. 

The relative reactivity of various mixtures toward different 
concentrations of SO; is given in Fig. 17, in which the percentage 
of the theoretical increase of weight in 24 hr, and the concentra- 
tion of SO; are plotted. To determine the effect of the amount 
of ferric oxide present in a mixture, various ratios of alkali-metal 
sulphate and ferric oxide were used. In addition, the effect of 
varying the ratio of sodium to potassium sulphate was determined 
by mixing the ferric oxide with solid solutions of the sulphates. 
All mixtures are expressed on a mol rather than a weight basis 
for convenience in calculating the maximum amount of SO; that 
would react with a given mixture. 
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The significant facts to be noted from Fig. 17 may be sum- 
marized as follows: 


(a) Neither K2SO,, solid solutions of K,SO, and Na2SOg, nor 
Fe,O; react with concentrations of SO; less than about 0.7 per 
cent, and Na,SO, does not react in concentrations up to 5 per 
cent. (Curves F, G, H.) 

(b) Above 0.025 per cent SO;, the relative reactivity of the 
oxide-sulphate mixtures increases rapidly with SO;. (Curves 
A to E.) 

(c) The relative reactivity, for a given concentration of SOs, 
is greater for mixtures having a low iron oxide content than when 
the iron oxide is high. (Curves C and E.) 

(d) Increasing the ratio of K,SO, to Na»SO,, for a given mix- 
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ture of alkali-metal sulphate and Fe,O;, and concentration of SO; 
increases the relative reactivity of the mixture. (Curves A 
and D.) 

(e) In all mixtures containing more than 3 mols of K,SO, to 
1 mol of Fe:O3, the stoichiometric ratio required to form K;Fe- 
(SOx)3, excess K.SO, forms K.S8.0; when the SO; is higher than 
approximately 0.7 per cent. If a sufficient amount of K.8.0; 
is formed, the mixture becomes fluid (curve C), and the re- 
activity increases rapidly. This does not occur, however, with 
Na»SO, in the range of SO; concentrations that was studied. 
(Curve B.) 

A pH determination and an X-ray diffraction pattern were 
made of the final product of a number of the mixtures of alkali- 
metal sulphates and Fe,0;. Although the pH varied somewhat 
with the amount of SO; that was absorbed, it was found to lie 
between 2.6 and 3.0, thus these materials had about the same pH 
as enamels. The question arose as to whether a disulphate, 
KFe(SO,)o, in which the ratio of K2SO, to FeO; is 1, would be 
formed as the Fe.O; content of the mixture was increased. The 
X-ray patterns of a series in which the ratio of K,SO, to Fe,O; 
was varied are given in Fig. 18 and show beyond doubt that, 
under the conditions of these tests, K;Fe(SO,); is formed regard- 
less of the K.SO.-Fe.O; ratio. Although the 1K,SO, + 1Fe-:O; 
mixture is capable of forming a product containing 75 per cent 
K,Fe(SO,)s, and the 9K2SO, + 1Fe,O; mixture only 47 per cent, 
the density of the predominant lines for K;Fe(SO,)3 in Fig. 18, 
made with the same X-ray exposure in each case, shows that 
increase in the iron oxide content of the mixture decreases the 
fraction of the theoretical amount of the compound that can be 
formed in a given time. Thus the relative reactivity increases 
as the iron oxide content decreases, corroborating the data in 
Fig. 17. The same results were obtained for a Na2SQ.-Fe.O; 
series, in which NazFe(SO,); was the only complex iron phase 
formed. 

In all of the tests which have been described, the mixtures 
were prepared by mixing intimately powdered samples of alkali- 
metal sulphates and ferric oxide, thus providing a physical 
condition of maximum surface of contact between the two solid 
phases. In the case, however, of a deposit on a furnace tube, 
the point of contact is a ‘‘plane’’ comprising the interface be- 
tween the oxide on the tube and the deposit. In such a case, 
the rate of reaction depends upon the rate of diffusion of SO; 
inward through the enamel to the interface or the rate of dif- 
fusion of the products of the reaction outward through the 
enamel, the slower process governing the rate of reaction. 
Therefore, to simulate a deposit on a furnace tube, solid oxide 
scale obtained from heavily scaled low-carbon steel was cut into 
pieces, measuring 0.5 in. X 0.2 in. X 0.05 in., which were dipped 
momentarily into a molten mixture of 75 per cent K.SO, and 
25 per cent Na2SOx, producing on each flake a layer approxi- 
mately 0.015 in. thick of a fused solid solution of alkali-metal 
sulphates. 

The coated flakes then were placed in the tube furnace and 
heated to 1000 F in an atmosphere of SO;, Oz, and N2. It was 
noted during the test that the salt became brownish, indicating 
that iron was dissolving. Specimens were removed at intervals, 
the salt being dissolved from each specimen with hot water, and 
the iron determined by a Zimmerman-Rheinhardt permanganate 
titration. A pH determination and an X-ray diffraction pattern 
were made of the coating on two specimens which were included 
in the test solely for these purposes. 

The results of the iron determinations, expressed as iron dis- 
solved per square centimeter of specimen, are plotted in Fig. 19, 
for 0.1 per cent and 0.5 per cent SO;. Itis apparent from these 
results that reaction of iron oxide with alkali-metal sulphates 
and SO; will occur readily where there is a plane of contact be- 
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tween the salt and the oxide, and, under the conditions of these 
tests, the rate of removal of the oxide at 0.5 per cent SO; is ap- 
proximately twice that at 0.1 per cent SO;. The pH of the 
coating, dissolved in sufficient water to make a 1 per cent solu- 
tion, was 2.8. Strong lines of the compound K;Fe(SO,); ap- 
peared in the X-ray diffraction pattern. 


MECHANISM OF CORROSION 


As the result of these studies of the chemical and physical 
properties of enamel, and of the behavior of synthetic deposits 
under controlled laboratory conditions at 1000 F, in atmos- 
pheres containing SOs, it is believed that corrosion occurs during 
operation of the furnace as the result of a chemical reaction be- 
tween (a) the normal iron oxide on the furnace tubes, (b) the 
alkali-metal sulphates composing the deposit in contact with 
the oxide, and (c) the SO; in the atmosphere in contact with the 
enamel. This reaction results in the formation of the com- 
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pound K;Fe(SO,); or NasFe(SO,);, which is found in the en- 

amel, Corrosion will not occur to any appreciable extent in the 

absence of alkali-metal sulphates, or under conditions when the 

concentration of SO; is less than about 0.02 per cent, even though 
alkali-metal sulphates are present. 

The sequence of events, assuming that a furnace with clean 
tubes is being placed in operation, is shown schematically in Fig. 
20 and may be described as follows: 

Step A. As the result of normal oxidation between 600 and 

\800 F, a thin layer of oxide forms on the tube metal. The rate 
at which this oxide grows decreases with its thickness, and in 
the absence of adverse conditions, a more or less limited thickness 

"is approached. 

Step B. A layer of alkali-metal sulphates forms on the oxide. 
This is believed to result from the deposition on the tubes of al- 

_ kali-metal oxides which originate from the flame and from the 
molten slag on the hearth by volatilization, subsequent reaction 
with SO; in the surrounding atmosphere forming alkali-metal 
sulphates. 

Step C. As the layer of alkali sulphates thickens, the surface 
temperature increases to the point where it becomes somewhat 

sticky, and ash particles begin to adhere to it. As a consequence 
of a porous structure, the initial deposit of ash has a low thermal 
conductivity, therefore, as it thickens, the outside temperature 

jultimately increases to the point where the ash begins to form a 

layer of slag. During this process, SO; is evolved as the result 
of reactions in the ash during the melting process. 

Step D. The SO; diffuses through the alkali-metal sulphates 
and reaction occurs at the oxide-sulphate interface forming K;Fe- 
(SOx4)3 or Na3Fe(SO,)3, thus reducing the thickness of the oxide. 
The metal then will oxidize further to renew the oxide layer. 
At the same time, the thickness of the slag layer increases and 
reaches equilibrium, the temperature at the surface of the en- 
amel deposit decreasing because of the low thermal conduc- 
tivity of the slag. 

Step H. Deslagging increases the temperature of the en- 
amel, causing a portion of it to exceed the decomposition tem- 
perature of the K;Fe(SOx,); and NasFe(SO,)s, and SO; is released, 
part of which diffuses to the oxide-sulphate interface and reacts 
with the oxide and the excess K2SO, and Na:SO,. Meanwhile, 
more alkali-metal sulphate is depositing on the enamel until an- 
other layer of slag forms and the cycle is repeated. 

The mechanism of the formation of alkali-metal sulphates on 
the furnace-wall tubes (Step B) and of the SO; from the slagging 
reactions (Step C) requires further explanation. 

Regarding the alkali-metal sulphates, it has been noted in 
_glass-melting furnaces” that Na2SO, may be deposited on rela- 
) tively cool surfaces in the furnace, despite the fact that the glass 

charge contains no Na:SO,. These furnaces were fired with pro- 
ducer gas from coal having 1.7 to 3.2 per cent sulphur, hence it ap- 
pears that the Na,O which volatilizes from the glass charge and 
condenses on the cooler parts of the furnace reacts with the small 
amount of SO; in the furnace gas and forms Na,SO,. At the 
operating temperatures of these furnaces, the amount of SO; 
present should be a small fraction of the SOs, as is also the case in 
pulverized-coal-fired furnaces. The alkali-metal sulphates are 
relatively stable compounds, the sodium salt for example de- 
composing to a negligible extent at 2550 F,2? thus implying that 

_ they can form at lower temperatures in the presence of extremely 

small concentrations of SOs. 


26 “Formation of Sodium Sulfate in Glass Furnaces and Defects 
Arising Therefrom,” by W. E. S. Turner, Journal of the Society of 
Glass Technology, vol. 17, 1933, pp. 22-24. 

7 ““Pyrogenetic Decomposition of Sodium Sulfate,’’ by K. I. 
Losev, N. I. Nicolskaya, and T. G. Guseva, Journal of Applicd 
Chemistry (U.S.S.R.), vol. 4, 1931, pp. 743-756. 
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Deposits 


Although laboratory tests conducted in a gas-fired furnace, con- 
taining molten slag to which sodium sulphate was added, showed 
that perceptible amounts of alkalies were volatilized (as shown 
by their condensation on a steel surface at 800 F), and other 
smaller scale tests of the salts alone, melted in platinum crucibles 
showed that volatilization of alkalies was evident at 2400 F for 
Na2SO, and 1650 F for NazCOs, it is not believed that the loss of 
alkalies from the hearth of slag-tap furnaces is of great conse- 
quence. No information is available on the loss of alkalies from 
molten slag, but data on the rate of volatilization of alkalies 
from glass have been reported by Bradley.% The small amount 
lost at 2640 F from a soda-lime-silica glass containing no SOs, 
0.07 lb per sq ft per day, indicates that the total amount of al- 
kalies volatilized per day from the hearth of a slag-tap furnace 
may be insignificant, and that excessively long periods would be 
required to condense sufficient alkalies on the wall tubes to form 
enamel. Thus the principal source of alkalies appears to be 
the flame itself, where the temperatures are high and the small 
particles of ash suspended in the burning gases have a large sur- 
face per unit weight. Under these conditions, it is reasonable to 
believe that the concentration of alkalies in the flame is high 
compared with that volatilized from the hearth; thus the im- 
pingement of this flame directly on tubes probably contributes 
alkalies at a higher rate than any other method of transfer. 


28 “Fume or Vapors From Molten Glasses,’’ by C. A. Bradley, Jr., 
Bulletin, American Ceramic Society, vol. 23, no. 10, Oct. 15, 1944, 
pp. 379-381. 
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The availability of SO; is an important part of the mechanism. 
It is evident that the concentration of SO; in the furnace gases 
will be low as a result of the high temperatures involved, al- 
though, as was just shown, sufficient SO; exists at similar high 
temperatures in glass-melting furnaces to form Na:SO4y. An ad- 
ditional source of SO; is from reactions occurring during the forma- 
tion of slag from coal ash, as shown in Step C. When coal ash 
melts, the sulphur it contains is released almost quantitatively, 
analyses of many slags from slag-tap furnaces showing the 
total sulphur content to be less than 0.1 per cent, computed as 
SO;. Whether the sulphur is evolved as SO or SO; depends 
upon the form in which it occurs in the ash, but in either case O2 
also usually is present from thermal decomposition of ferric-iron 
compounds, so that any SO, released is capable of being oxidized 
to SO; while in contact with the porous ash. The presence of 
these gases is evident in any examination of slag from wall tubes, 
bubbles showing that gases were formed during melting of the 
slag. 


SMALL-SCALE FUEL-FIRED FURNACE 


One of the ultimate aims of the investigation is to reproduce 
this type of corrosion in the laboratory under conditions that 
simulate as closely as possible those in a slag-tap furnace. After 
a number of trials, a design of furnace was developed which meets 
the requirements. It consists of a refractory combustion chamber 
9 in. square and 26 in. high, fired with either natural gas or pul- 
verized coal. There are two burners, arranged so that the flame 
can be made to impinge directly upon a water-cooled low-carbon- 
steel specimen which is mounted in one wall 8 in. above the hearth, 
the heat-receiving surface being flush with the wall. To main- 
tain an even temperature on the surface of the specimen and to 
prevent the transfer of heat from the adjacent refractory, a 
guard ring surrounds the specimen. The thickness of both speci- 
men and guard ring is adjusted so that the surface of the metal is 
at a temperature of 800 to 1000 F, at a heat-transfer rate of ap- 
proximately 200,000 Btu per hr per sq ft. Thermocouples at 
different depths in the specimen permitted extrapolation of tem- 
peratures to that of the surface. A radiation pyrometer was 
used to indicate furnace temperature, and the composition of 
furnace gases, which was easily controlled for any degree of oxida- 
tion or reduction, was determined in an Orsat apparatus, the 
sampling tube being water-cooled. The pulverized-coal feeder 
constructed in the laboratory also could be used for adding 
finely ground slag or various salts. As the specimen can be 
removed quickly for examination and measurement, and test 
conditions are under complete control, the maximum facility in 
conducting tests is possible. 

Fig. 21 shows the log of a typical test in which slag and Na2SO, 
were added alternately. The decrease in the rate of heat trans- 
fer following slagging of the specimen is evident, as is its gradual 
increase during the addition of Na2SOx., probably because this salt 
acted as a flux to decrease the thickness of slag. Later, when 
slag was again added, the heat-transfer rate decreased only 
slightly, the fluxing effect of the NasSO, remaining on the speci- 
ment still being evident. 

Although, in the relatively few tests made so far, it has not 
been possible to obtain corrosion deposits closely resembling those 
found in large furnaces, it is believed that the ability to reproduce 
large-scale conditions has been achieved and that further experi- 
mentation will furnish satisfactory results. 


CONCLUSIONS 


The results of laboratory experimentation have shown that 
external corrosion of furnace-wall tubes is the result of the com- 
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bined action on the tube surface of alkali-metal sulphate deposits 
and sulphur trioxide. Absence of either of these materials ef- 
fectively prevents corrosion, neither material by itself being cor- 
rosive under normal furnace conditions. 

From these considerations, it appears that prevention of cor- 
rosion will depend on establishing conditions at the tube surface 
such that alkali-metal sulphates cannot deposit on the tube, or 
the concentration of sulphur trioxide is reduced below that capa- 
ble of reacting with alkali-metal sulphates and iron oxide to 
form K3Fe(SO,)3 and Na;Fe(SQ,)3. This suggests that reducing 
the amount of alkali-metal oxides or sulphur trioxide in the gas 
phase in contact with the tube by the addition of air along the 
tube surface should effectively prevent further corrosion, thus 
corroborating field observation in which it was shown that the 
maintenance of oxidizing conditions near the tubes by means of 
burner changes or “‘air-belting’”’ effectively stopped further loss 
of metal. Thus the addition of air serves only to ventilate the 
tube surface, the role of such air being considered to be that of a 
diluent, and the fact that carbon monoxide disappears in the 
process is not in itself important where ‘‘enamel’”’ deposits are 
concerned. 
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Helical Taper Reamers Milled With 
Constant Helix Angle 


By THOMAS F. GITHENS,! CLEVELAND, OHIO 


The author explains the process of milling helical] flutes 
ona taper reamer so that the flute will have a constant 
helix angle of 45 deg at every point along the length of the 
reamer. The problem is solved by the development of a 
former or master cam cylindrical in shape and bearing 
upon its lateral surface a helical groove such that, as the 
cylinder turns on its axis with constant angular velocity, 
the whole former advances in the direction of its own axis 
at a controlled but variable feed. The milling cutter is 
mounted so that its plane forms a constant angle with an 
element of the taper blank being machined to form the 
reamer. The advantage of the method described is its 
adaptability to a quick practical solution either mathe- 
matically or by graphical means. 


INTRODUCTION 


HE problem is to mill helical flutes on a taper reamer so 
that they will have a constant helix angle of 45 deg at 

every point along the length of the reamer. Fig. 1 shows a 
helical taper pin reamer. 


Ea ZEZLZA 


Fie. 1 Hexican Taper Prin REAMER 

In the present discussion, the helix angle at any point on the 
helix is defined as the angle made by the tangent to the helix with 
the element through the point. It is defined mathematically 
by the equation: Tangent of the helix angle = circumference 
/\ead. This definition is illustrated in Fig. 2. 

On a cylinder, a helix with constant lead will have a con- 
stant helix angle, because of the relations existing in the formula 
just given. 

On a cone, however, such as the surface of the taper reamer, 
the circumference varies with the distance from the apex or 
point; therefore, if the lead is constant, the tangent of the helix 
_angle will vary with the circumference. 

In order to obtain a constant helix angle on the cone, we must 
vary the lead with the circumference, so that (tangent of the 
helix angle = circumference/lead = a constant), i.e., circumfer- 
ence and lead must both vary. 

The problem is, with what lead must the helical flutes of the 
taper reamer be milled to secure a constant helix angle; or, in 
other words, the problem is that of finding a combination of 
circumference and lead so that the ratio is constant. 

In Fig. 3 is shown a constant-lead helix on a cone. It is 
interesting to note that the horizontal projection of this helix is 
the ‘‘spiral of Archimedes.”’ This is the spiral traced by a point 


~ 1 Mechanical Engirteer, Cleveland Twist Drill Company. 
‘A.S.M.E. 

Contributed by Special Research Committee on Metal Cutting 
Data and Bibliography and presented at the Annual Meeting, 
New York, N. Y., Nov. 27—-Dec. 1, 1944, of THe AmeErican So- 
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TOFIND: HELIX WITH 
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CONSTRUCTION: HORIZONTAL PROJECTION 1S LOGARITHMIC SPIRAL, 
DEFINED AS CURVE WHICH CUTS THE RADII FROM O AT A CONSTANT 
ANGLE V, WHOSE COTANGE) 
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WHERE F2Q 


Fic. 4 Hetrx on Conn Wits Constant Herix ANGLE 


which, starting from the origin, moves with uniform velocity 
along a ray while the ray itself revolves with uniform angular 
velocity about the origin. In Fig. 4 is shown a constant-angle 
helix on a cone. This is the helix which presented the problem. 
How can this helix be calculated and drawn? In Fig. 5 is shown 
an increasing ‘‘twist’”’ or lead helix on a cylinder. This helix 
has the same “‘leads’’ as the one shown in Fig. 4 and will produce 
the constant-angle helix on the cone there shown. 


Merxop or Miuiine Heiica, TAPER REAMER 


In Fig. 6 is shown diagrammatically the method of milling a 
helical taper reamer. Thesketch shows the former or master cam 
cylindrical in shape, and bearing upon its lateral surface a helical 
groove, such that, as the cylinder turns on its axis with constant 
angular velocity, the whole former shall advance in the direc- 
tion of its own axis at.a controlled but variable feed. 

There is also shown the milling cutter mounted so as to have its 
plane form a constant angle (45 deg in practice) with an element 
of the taper blank to be transformed into a reamer. From this 
diagram it will be seen that the lead of the reamer flutes is ob- 
tained from the “former” or guide. The problem resolves itself 
into the question: With what increasing or varying lead (in- 
creased twist helix) shall the grooves on the cylindrical former be 
cut to secure a groove of constant helix angle on the conical ream- 
ers? 

The method of solution was to find the relation between the 
value of the axial distance from the vertex Z, see Fig. 7, and 
radius p of the cone for any point on the helix such as P, and the 
angle of rotation 6. 


MarHEMATICAL ANALYSIS 


For the method of analysis consider Fig. 7: 
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GIVEN. 

TO FIND: INCREASED TWIST HELIX” 
WHOSE LEAD AT EACH POINT 15 THE 
SAME AS THAT OF A 45° CONSTANT 
ANGLE HELIX ON A GIVEN CONE 
(TAPER PIN REAMER) 

CONSTRUCTION: BY PROJECTION 


CYLINDRICAL FORMER 


{T (5 mM IN THE POLAR EQUATION 


(LEAD in $ REVOLUTION 
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(a) The angle between the axis and an element of the cone 
(angle @ of the figure) is a constant. 

(b) Let P be a representative point on the conical helix; 
APQ the corresponding element of the cone; Z7PT’ a tangent 
to the conical helix and making with APQ a constant angle a, 
located in the tangent plane through the element APQ. ; 

(c) Let CP = p be the perpendicular distance of P from the 
axis of the cone. 

(d) Since plane ACP is always perpendicular to the tangent 
plane APT’ and since AP, the intersection of the two planes, 
makes constant angles with both CP and TPT’, the angle be- 
tween CP and 7'PT’ is also constant. 

Consequently, the projections of CP or p and of TPT’, namely, 
OM and TM, onthe z, y-plane, will always form a constant angle 
y of the figure. 
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(e) Consider the direction of 7’’PT to be kept constant while 
the cone, to an observer looking from base to apex, rotates in a 
clockwise direction, thus causing point P to move relatively in a 
counterclockwise direction toward the base of the cone and away 

from the axis. 
It is evident that the projection M of point P upon the z,y- 
plane, i.e., upon any plane perpendicular to the axis of the cone, 
will travel in a spiral curve such that p is the radius vector of a 
representative point and MT, the xy-projection of the tangent 
.T’PT, is always tangent to it. Our problem is now resolved 
into the finding of the equation of the spiral in the z,y or any 
parallel plane in terms of the vectorial angle @ of the figure and the 
constants that are known; and, in obtaining a relation which 
will give the distance of P from a reference plane through a 
parallel to plane z,y for any and every value of @ and of p. 

. Any standard textbook in calculus? derives the formula for the 


Fie. 7 
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angle between the radius vector of a curve, whose equation is in 
polar co-ordinates, and the corresponding tangent to the curve. 
The formula is 


1 dp 
col y = » db 
Applying this 
ld M 
‘ = = copy = cot (OMT) = ot 


PQ sin (MPQ) _ sin 6 


PQ tan a ~ tana 


Since 6 and a are definite angles, sin 8 and tan q@ are constants. 
By separation of the variables 
dp sin 8 d6 


p tana 
By integration 3 
sin 6 @ 
log p + log C = 
tan @ 


that is 


2See for example, ‘Elements of the Differential and Integral 
Calculus,’”’ by W. H. Granville, Ginn and Company, Boston, Mass., 
1911, p. 144. 
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sin 6 0 ; 
log Cp = a = (sin 8 cot a)@ 
an a 
This in exponential form is 
Co = e(sin 8 cot a) 8 
or 
Tefeoxe 
p=- ein 8B cot a) @ 
Let R : t 
€ = = = Cas 
Cc 
wes ere a ee ER a ag (1] 
when @ = 0,p = C7 R, where F is the initial value of the radius 


vector for the value of 9 = 0. This is the equation of the curve 
known as the “logarithmic spiral.’”’ By definition this is a curve 
which cuts radii from the origin at a constant angle. 

Again, from Fig. 7, let the distance of P from a reference plane, 
through the vertex A parallel to plane z,y, namely, AC, be 
called z, then . 


eee = COUON Aes, 2h= pPiCObsPaenie cies (2] 


since CP = OM = pis a representative radius vector. 
The foregoing Equations [1] and [2] fully define the motion 


styled a conical helix. 


In Equation [2], we can substitute the value of p given in 
Equation [1] and get 


z=cotB(R)eSinBeotae [3] 


In this equation there are two unknowns z and @. All the 
other values are constants given by the problem. To construct 
the helix, assume values for 6 and compute the corresponding 
values of z. The former itself may then be laid out in a milling 
machine by turning the former through the required angle 6 
with an index head and then measuring off the distance z by 
means of the micrometer measuring screw. 

The curve may also be plotted on a piece of paper, abscissas 
being distances around the circumference (6), and ordinates being 
the distances z. This paper may then be wrapped around the 
cylindrical former thus getting the helical curve. 


SAMPLE CALCULATIONS 


Sample calculations from these formulas are as follows: 
Taper of reamer !/, in. per ft. 
Diameter of reamer at small end is 0.075 in., radius (R) is 


0.0375 in, 
Helix angle required is 45 deg. 
From this 
US ye 1 
ee pe ee 0. OLO4TG 7 
tan B 12 96 7 
cotB = 96 


mb = 0°35) 48*/57 
*. sin 8 = 0.0104160 

cot a = cot 45° = 1 
R= 0.03875 
e = 2.71828 

Substituting in Equation [3], we get 
z = (96) (0.0375) 2.71828 (0-0104160 6) 
= (3.6000) 2.71828(0.0104160 4) 
log z = log 3.6000 + 0.0104160 (6) log 2.71828 


306 TRANSACTIONS OF 


FRONT ELEVATION 


THE A.S.M.E. MAY, 1945 


SIDE ELEVATION 


Fie. 8 GrapxHican InLusTRATION 


Therefore 

log z = 0.5563025 + 0.0045236 (@) 
Substituting various values for 6, we can calculate z as given in 
Table 1. 


TABLE 1 CALCULATING VALUES FOR z 


6 Zz Increase 


1/2 r or 1/4 revolution 3.6594 Sexe 

mw or 4/2 revolution 3.7198 0.0604 
13/om or 3/4 revolution 3.7811 0.0613 
2 m or 1 revolution 3.8435 0.0624 
21/2 or 11/4 revolutions 3.9069 0.0634 
3 7 or 11/2 revolutions 3.9713 0.0644 
31/om or 13/4 revolutions 4.0368 0.0655 
47 or 2 revolutions 4.1034 0.0666 
41/om or 21/4 revolutions AU 0.0677 
5 or 21/2 revolutions 4.2399 0.0688 


For a graphical solution of the problem refer to Fig. 8; in this 
figure we have data as follows: ; 

Given: The vertex angle of the cone (8) and the helix angle of 
the helix (a). 

To find: The constant angle v of the logarithmic spiral, which 
is the horizontal projection of the helix, in terms of Banda: ~ 


r = ae”® is equation of logarithmic spiral 
a = 0.0375 for smallest reamer (@ = 0) 


m = cot» (see footnote®) 


3 “Mechanical Engineers’ Handbook,” by Lionel S. Marks, fourth 
edition, McGraw-Hill Book Company, Inc., New York, N. Y., 1941, 
p. 155. 


To illustrate the method of finding m: 


Draw cone in plan, elevation, and the two end views 
Assume point P, find projections P;, Ps, P3 

The tangent to the helix at P will lie in the plane AB, which 
is tangent to the cone 

Assume P;D, and P,#; convenient equal lengths 

Draw D2; so that H,P2F2 equals helix angle 

Draw horizontal projections CD, HF, and DPE, CD 
— C2Do. 

Draw side elevation (;D;, H3F;, and D;P3H3, C;D3 = CoD: 


GE TP, CP; sin B 


i=" COue) =1cou OLD = 


CD GD, OLD. 
Ci PingiGO.P ; 
= C 
CDi Apes 


“. m =sinB cota 
When a = 45°, cot a = 1 
ane SINS 
“r=ae (sin B)@ 


a= OV03%5 
6 = 271828 
Sin 6 = 0.0104160 
(tan B= 1/8 = 12 = 1/96 
= 0.0104167) 


. r= 0.0875 X 2.71828(0.0104160 6) 
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CONCLUSIONS 


When the tangent to a helix on a conical surface makes a 
constant angle with the element of the cone through the point 
of tangency, then the projection of the helix on a plane perpen- 
dicular to the axis of the cone is a logarithmic spiral. From the 
equation of the logarithmic spiral can be readily found the radius 
vector of the point on the helix corresponding to any particular 
angle of rotation. This radius vector is trigonometrically re- 
lated to the axial distance from the vertex of the given cone. 

Knowing the axial distance from the initial position of the helix 
on the cone, a cylindrical former for producing that helix can be 
laid out having an increased twist helix on its surface, any point 
of which is at the same axial distance from its initial position 
as the point on the conical helix for the same angle of rotation. 

The advantage of this method is its adaptability to a quick 
practical solution either mathematically or by graphical means. 


\ 
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| Discussion 


E. A. Rarzeu.4 The author has presented an extremely 
‘interesting means of machining taper reamers with a constant 
helix angle. He shows clearly the procedure to be followed for a 
particular angle and taper. There is an implication, however, 
that each size and shape of reamer requires a special former. 

The following discussion shows that a former designed for one 
reamer can be used to mathine all reamers regardless of size, 
taper, or helix angle. Hither a milling machine or a lathe can be 
used. A lathe will prove more satisfactory if production is suf- 
ficient to warrant almost continuous use of one machine. Sub- 


stitution of a former for the lead screw of a lathe is all that is re- 
quired. 


Fie. 9 DraGRAM SHOWING FORMER SUBSTITUTED FOR LEAD SCREW 
or LATHE TO MAKE REAMERS OF ANy S1zH, TAPER, OR HELIX ANGLE 


Fig. 9 of this discussion illustrates the application. A gradu- 
ated scale H for Ry, is fixed relative to the former F. The posi- 
‘tion of the saddle D is adjusted until the former pin G is at a 
value of Ry, calculated from 


The cutting tool 2, which has been ground to the shape of the 
flute desired, is set at the end of the taper by using the compound 


rest at 90 deg, or by adjusting the taper in the chuck. The 
‘taper attachment of the lathe is used in the ordinary manner. 


cot B 
° cot By 


Rn = R 


4 Associate Engineer, Armour Research Foundation, Chicago, III. 
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The ratio of the speed of the chuck to the speed of the former 


Ch 
— is calculated from 
Op, 
6 sin By cot ay 


Of sin B cot a 


The taper reamer will then be cut with a constant helix angle. 

The two formulas just given have been determined by equat- 
ing the relation between Z and 64 for a taper reamer requiring 
a, B, and Ry to the relation between Z; and 6, of the former de- 
signed for ayand fy. Here 6; is measured from a point at which 


R = Ry. 
A, Tapered shaft EB, Cutting tool 
B, Lathe chuck F, Former substituted for lead screw 
C, Geared drive G, Former pin 
D, Saddle H, Graduated scale for Ryt 


F. W. Lucuar.’ The writer has had occasion to assist in the 
tooling up of many taper-reamer jobs where it was considered 
advisable to have reamer flutes milled at a 45-deg helix angle to 
obtain a smooth finish in the taper hole in finish-reamed parts. 
Most of these jobs did not have a slight taper of !/, in. per ft as is 
used on taper pin reamers but had increased tapers of 3/4 in. 
per ft, 11/2 in. per ft, and even larger. This made the problem 
even more difficult to handle than that cited by the author. 

The best we could do when we milled the flutes in the reamer 
was to select a lead which would give an average helix angle of 
45 deg in the portion of the reamer which would do the most. 
work. This meant that we obtained a helix angle less than 45 
deg as we approached the small end of the reamer, and a helix 
angle greater than 45 deg as we milled the flutes nearer to the 
large end of the reamer. The deviation from the required 45- 
deg helix angle would become even greater for reamers which had 
increased tapers. 

It was also found that when these taper reamers were put into 
operation, one end of the reamer would sometimes leave a much 
better finish in the hole than the otherend. When this happened, 
we frequently had to make more than one taper reamer until we 
found one which would meet the requirements. 

Such a method as described by the author will permit a taper 
reamer to be made with some definite degree of spiral which it is 
known will give the best results. This reamer will give a uni- 
formly smooth finish for the full length of the taper hole in the 
work when it is new. It should also give a uniformly smooth 
finish in the taper hole for the successively different axial posi- 
tions as the reamer is sharpened to the final position where it be- 
comes undersize in diameter. 

Owing to the fact that a former is required for this method of 
milling a taper reamer, is it possible that this method can only be 
applied to reamers having definite sizes and tapers? It would 
seem that a former can be developed for each size taper, for ex- 
ample, one for !/, TPF, one for */; TPF, one for 11/. TPF, etc., 
and when a particular reamer has to be milled, a definite portion 
of the former can be used. In other words, if the small diameter 
of 3/, TPF reamer is 11/4, the flute length is 6 in., and its large 
diameter is 15/s, one portion of the former will be used. If the 
small diameter of another */, 7PF reamer is 11/», the flute length 
is 7 in., and the large diameter of the reamer is 1!5/;5, another 
portion of the former will be used. 

There is no reason why this analysis cannot be applied to helix 
angles other than 45 deg. 


AvuTHOR’s CLOSURE 


The author is grateful to Mr. Ratzel for his valuable suggestion 


5 Development Engineer, Carboloy Company, Ine., Detroit, 
Mich. 
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which makes it possible to adapt one former to any size, taper, or 
helix angle. 

In the machine set up as shown in Fig. 6, the one former 
has actually been used for a large range of reamer sizes by start- 
ing the former at various points along its axis; but the former 
can be used for only those combinations of taper and helix angles 
as will make sin 8 cot a = 0.0104160; see sample calculations 
following Equation [3]. For other tapers and helix angles it 
would be necessary to make a new former. Mr. Ratzel ingen- 
iously uses one former as a lead screw and by the proper gear- 
ing as shown in his equation secures another increased lead which 
will fit any combination of size, taper, and helix angle. This 
cannot be done in a machine of the type shown in Fig. 6 where 
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the former directly turns and moves the work forward, without 
the use of change gears. j 

The experiences related by F. W. Lucht are very interesting 
and show that there are practical problems for which this method 
will supply the solutions. As Mr. Lucht says, one former will 
mill a large range of sizes of a given taper and helix angle; for 
example, for a taper of '/; inch per foot and a helix angle of 45 
deg one former was actually used for milling all sizes from about 
0.0966 in. to 0.3540 in. This was done by using the part of the 
curve in Figs. 4 and 5 near the apex for small sizes, and the part 
near the base for larger sizes. The exact place to start on the 
former can be calculated by substitution of the correct value of 
R in Equation [3]. 


Silica Deposition in Steam Turbines 


By F.G. STRAUB? ann H. A. GRABOWSKI,? URBANA, ILL. 


Laboratory and power-plant tests have been conducted 
to determine the cause of silica deposition in steam tur- 
bines. The tests indicate that the silica leaves the boiler 
as vaporized silicic acid which later crystallizes on the 
blades in the lower-pressure stages of the turbine. When 
the silica in the steam is below 0.1 ppm, no appreciable 
deposits are found in the turbines. Two methods of pre- 
venting deposits are suggested; (1) maintain the silica in 
the boiler water below 5 ppm; (2) remove the silica from 
the steam by scrubbing with a pure-grade water. 


URBINE-blade deposits have been the cause of much 
trouble in the steam-power plant. In recent years almost 
parallel with the increase in steam pressures, a new type 
of deposit appears to be forming in steam turbines. When the 
upper steam pressures were about 600 psi, the deposits which 
formed were water-soluble and could readily be removed by a 
water wash. The average type of deposit was mainly the sodium 
salts such as chlorides, sulphates, and silicates together with so- 
dium hydroxide. 

Since the increase of steam pressures to around 1400 psi and 
the installation of topping turbines, the type of deposit formed in 
the high-pressure end of the topping turbine is similar to older 
types and is water-soluble. However, at the low-pressure end of 
the topping unit and in the low-pressure machines, a deposit in- 
soluble in water is formed. This deposit consists mainly of 
silica (SiO) in its various crystalline forms. It may be removed 
by mechanical cleaning or by washing with sodium hydroxide. 

It has been rather difficult to give a logical explanation of how 
the silica present in the boiler water as sodium silicate is trans- 
ported through the high-pressure turbine and deposited on the 
low-pressure machines as a crystalline silica. Splittgerber* pre- 
sented experimental data which showed that silica could be vapor- 
ized from silicic acid in appreciable amounts at 100 atm steam 
pressure. These results showed that the silica in the steam in- 
creased with increasing silica concentration in the boiler water. 
As the pressure increased, the silica in the steam increased. The 
addition of NaCl, Na2SO,, NaOH, and Na;PO, to the boiler 
water caused the silica in the steam to decrease. The values 
given by Splittgerber were not readily correlated with data availa- 
ble from boiler operation. 

If this work of Splittgerber could be carried further and addi- 
tional data collected as to the feasibility of silica leaving the 
boiler as vaporized silicic acid, a logical explanation would be 
available to account for the deposition of the silica crystals in the 
low-pressure turbines. If silicic acid hasan appreciable vapor pres- 
sure at higher steam pressures, the sodium silicate in the boiler 
would hydrolize, and silicic acid would be present in the 


1 Data from research conducted at the University of Illinois in co- 
operation with the Utilities Research Commission of Chicago and 
released by permission of both organizations. 

2 Pngineering Experiment Station, University of Illinois. 

3“‘The Volatility of Silicic Acid,” by A. Splittgerber, Archiv. fiir 
Warmewirtschaft, vol. 22, 1941, p. 66. 

Contributed by the Joint Research Committee on Boiler Feedwater 
Studies and presented at the Annual Meeting, New York, N. Y., 
Nov. 27-Dec. 1, 1944, of Tot Amprican Society OF MECHANICAL 
JEINGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


steam in amounts depending on the mole concentration of the 
silicic acid in the boiler water and the vapor pressure of silicic 
acid at that temperature. Since the concentration in boiler water 
of the silicates is very low, the amount in the steam would be 
much lower than that corresponding to the true vapor pressure 
of silicic acid. When superheated steam containing this amount of 
silicic acid is dropped in pressure and temperature, a point will be 
reached where the silicic acid in the steam becomes greater than 
the amount corresponding to the vapor pressure of solid silicic 
acid. When this point is reached, the silicic acid in the steam 
will leave the superheated steam and deposit as a hydrated- 
silica deposit. If the steam reaches the saturation point before 
this occurs, the silicic acid being slightly soluble in water will be 
dissolved in the condensate and no deposit will form. 

Since this appeared to be a logical approach to this problem, 
laboratory work parallel with power-plant tests was inaugurated 
in order to see if Splittgerber’s method of approach was applica- 
ble to the problem of silica blade deposits. The laboratory work 
was conducted along two lines as follows: 


1 The relationship between silica in the steam and silica in 
the boiler water at various pressures. 

2 The relationship between solid silicic acid and the silica in 
the steam at various pressures and temperatures. 


The power-plant tests were conducted to find the following: 


1 The relationship between the silica in the steam and silica in 
the boiler water. 

2 The changes occurring in the silica in the steam as it passed 
through the turbines. 


LABORATORY INVESTIGATION 


RELATIONSHIP BETWEEN SILICA IN STEAM AND SILICA IN BOILER 
WaTER aT VARIOUS PRESSURES 


The silica in the steam cannot be considered as being mechani- 
cally carried into the steam as the soluble silicate occurring in 
the boiler water. If it were being mechanically carried, the salts 
in the steam entering the superheater should be present in the 
same relative proportions as they are in the boiler water. Thus, 
with a total dissolved-solids content of 500 ppm and SiO, 30 
ppm in the boiler water, a steam having 0.30 ppm of SiO, should 
have 5 ppm of soluble solids present, if the silica were present as 
a mechanical carry-over from the boiler water. Since the total 
solids in the average steam, as indicated by conductance meas- 
urements and evaporation tests, are well below 1 ppm, the pres- 
ence of such a large percentage of silica would indicate that there 
was a selective concentration of silica in the steam. 

If the silica were being vaporized as silicic acid, such concen- 
trations could occur in the absence of mechanical carry-over. In 
order to obtain data as to the possibility of such vaporization, 
tests were started using a high-pressure laboratory boiler, Fig. 1. 
This boiler was designed to prevent any mechanical entrainment 
of boiler water in the steam. It also prevents any condensation 
of steam prior to leaving the boiler and thus gives a representa- 
tive sample of the steam in equilibrium with the boilerwater. 

The steam from the boiler was condensed under pressure, the 
pressure reduced to atmospheric, and passed through a conduc- 
tivity cell and a glass electrode to determine the conductance and 
pH value before exposure to air. In order to check the amount of 
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: 3 ‘ 7 Bik Ate eine TABLE 2 RELATION OF COMPOSITION OF SOLUTION IN BOILER 
entrainment of boiler water in the steam, the boiler was operated TO STEAM LEAVING BOILER 


at. 600 F (1540 psi) with 1200 ppm NaCl in the boiler water. 


The steam contained less than 0.01 ppm of NaCl. Tests with PIT SEY WIS! ins 2/8 Nore 
sodium hydroxide gave similar results. These tests showed that Bee a Solution in Boiler —=tet_____ Baio in 4 
. . . ~iv2 eam 
the mechanical entrainment of boiler water was less than 0.001 Sat, Soln. $102 pH Si03 Sp. Cond. vH Sid2 Soln, 
4 Fr ppm ppm Micromhos 
per cent. 
: ze ——- . 600 1.9 3.0 0.03 0.27 7.22 1,58 
The boiler was then operated with varying amounts of sodium ae coe ape Boge 3:27 eet yee 
silicate in the boiler water by adding crystalline Na,SiO3;.5H,O or oe 1z~8 ou6 Ga ee oe yee at) 
a solution NagO 2SiOz, or NaOH to distilled water. The conduc- 600 19.2 10.7 0.16 0. 26 7.20 0.84 
sis aed 600 19.8 11.1 0.12 0,27 7.20 0.61 
tance, pH value, and silica content of the steam were determined. 600 6.0 lola (2) 0.03 0. 36 7720-0150 
The silica content was determined colorimetrically.* Table 1 ae Ae BRS We Aoake Ob) (ig esos 
" “ , 1 Solution also had 1000 pom KCl present. 
TABLE 1 RELATION OF COMPOSITION OF SOLUTION IN BOILER Baa = Sas oe 
TO STEAM LEAVING BOILER (2) Sciusion also haa 1860 ere kct present 
Temp. Solution in Boiler Steam Ratio in% ment with those obtained in the tests reported in Tables 1 and 2 
SiOg St bec 3 
Aetsveld id gre horace S10, Sp. Sona, px  St0sScia, and show that apparently the bomb tests are similar to the boiler 
op ppn ppm ppm Micromhos tests. 
eee Pa us ---- pone oe 6 os G.45 Table 4 gives the results of tests conducted at temperatures be- 
560 20.4 10.2 ---- 0.0? 0,35 7.60 9.36 tween 400 F (250 psi) and 600 F (1540 psi), with high concentra- 
5 0.2 10,1 700 0.07 0,37 7.50 235 ‘ abl : 
abe ee arg 1460 O106.4 | onde 7°50 ° tions of silica and lower pH values. Table 5 gives the results of 
600 Ay BGS === 0.06 0.43 6.60 * 1,36 : a Be 
ee Sel ipso eae aot Bees Bie wos tests run between 500 and 600 F, with pH values similar to those 
600 12,8 10.5 —— O.14 0.32 7.70 1,10 encountered in steam-boiler operation. 
600 Pie sO ame 0,22 0,29 7,60 1.05 ; NE: BA 40 
600 21.0 10.1 1580 0.17 0,42 7,20 0.82 When the ratio of the SiO, in the steam to the SiO, in the solu- 
600 18.8 10.2 3160 0.16 0.56 7.20 0.85 3. yt : : : gs 
600 19.6 11.1 3160 0109 0.60 7.30 0.46 tion is plotted against the pH value of the solution, Fig. 3, it is 


shown that this ratio varies inversely with the pH value. With a 


gives the results of these tests. The results indicated that at 550 

F (1045 psi), there was a measurable amount of SiO, in the steam 

which increased as the silica in the boiler water increased; at 

600 F (1540 psi), the SiO, in the steam reached an amount equal 

to about 1 per cent of the silica in the boiler water when the pH 

value of the boiler water was around 10. The addition of sodium sien 
chloride to the boiler water decreased the silica in the steam a Outlet 
small amount. However, increasing the pH value of the boiler 

water from 10.2 to 11.1 had a much greater effect in reducing the 

silica in the steam than the addition of 3160 ppm of NaCl had on 

the SiO. content. Another interesting observation was that, 

as the silica in the steam varied, the conductance and pH value of 

the steam remained practically constant. This indicated that the | 
silica was present in a form which would not affect the pH value 
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or conductance of water to any marked degree for such low con- es Cortridged 
centrations. z 
Table 2 shows the results of tests run at 600 F (1540 psi) with == sy Lom Boiler 
potassium hydroxide, silicate, and chloride in the boiler water. Feed Pump 
The results indicate that the ratio of the silica in the steam to the SSA BH ccae PE es G eee a 


silica in the boiler water is the same as when the sodium salts were 
present. As the pH of the boiler water increases, the SiOz in the 
steam decreases. The addition of KCl also decreases the SiO, in 
the steam. 

In order to vary the silica content of the boiler water and to vel Regulator 
study the effect of solids present in the boiler water, the procedure 
of testing was changed. Steam generated from distilled water in 
the boiler, shown in Fig. 1, was passed into a bomb, Fig. 2, so con- 
structed that the steam bubbled through a solution kept at the 
same temperature as the steam. The composition of the solution 
could be varied as desired by adding chemicals. The advantage 
of the use of the bomb was that it could be easily taken apart and 
cleaned when different solutions or solids were used. 

Table 3 gives the results of tests conducted at 600 F (1540 psi), 
in which varying amounts of silicates were in solution in the bomb 
at different pH values. The results obtained are in good agr¢e- 
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4 “Solubility of Salts in Steam at High Pressures,’’ by F. G. Straub, 
Proceedings, Third Water Conference, Engineering Society of West- 
ern Pennsylvania, 1942. 

5’ “Photometric Determination of Silica in Condensed Steam in 
Presence of Phosphates,’’ by F. G. Straub and H. A. Grabowski, 
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TABLE 3 RELATION OF COMPOSITION OF SOLUTION IN BOMB 
TO STEAM LEAVING BOMB 


Temperature 600°F (1545 pei) 


Solution in Bomb Steam Ratio in % 
S103 Si0g Sp. Cond. Si03 Steam 
ppm pH ppm Micromhos pH SiO, Soin. 
8.6 8.4 0.12 0,26 ficeke) 1,40 
3.6 8.8 0,03 0,28 6.80 0,83 
41,7 9.5 0, 40 0.23 7.60 0,96 
5,4 Oe. 0,04 0.27 7.05 0,74 
6.4 9.8 0,05 0.26 6.95 0,78 
51.0 9.8 0,49 0.26 7,60 0.96 
5.4 Dee 0,05 0.36 7.07 0.93 
7,0 10.0 0,06 0.28 7,00 0.85 
6.9 10,0 0,06 0,35 Gaus 0,87 
56.6 10.0 0,37 0,28 Vaite, 1.00 
48.5 10.0 0.48 0,24 7.25 1.00 
(hal 10.2 0.07 0.28 7,00 ae) 
42.2 10.2 0,44 0.31 6.95 1.02 
52.0 LOS 0,52 0,29 6.95 1.00 
41.8 10.5 0.36 0.29 7,06 0.86 
3.8 10.6 v.01 0.22 Af) --— 
22.8 10.8 0.20 0.23 6.88 0,88 
30.2 10.8 0.23 C,22 6.95 6.76 
0.7 IBIS) 0,01 0,33 Telo ---- 
39.0 mi ae (O82 0.70 7.50 0.69 
16.4 11.8 0.08 0,24 6.90 0,49 
18.0 aS 0,08 0.38 7,25 0,44 
42.5 aS ah 0,22 0.31 7,10 0,52 
43.9 11.8 (1 0. 25 0,36 Mes ale 0.57 
30.2 LB USCS) 0.13 0.28 7.05 0,43 
32.2 11.9 0.13 0,23 7,00 0,41 
63,0 12.0 0.33 0,25 7,08 0,52 
23.6 2.2 0,10 0.26 Aes illo} 0,42 


(1) Solution also had 1400 ppm NazSO, present. 


TABLE 4 RELATION OF COMPOSITION OF SOLUTION IN BOMB 
TO STEAM LEAVING BOMB 


: High Silica in Bomb 
Solution with pH Low. 
Temp. of Solution 4n Bomb Steam Ratio in % 
Sat. Steam 103 Sid, Dp. Cond, Si02 Steam 
F ppm pH ppm Micromnos pH 3102 Soln, 
400 600 aenk 0.02 0.37 7,80 0.00 
450 600 8.1 0,10 0.28 2.75 0,02 
500 665 6.8 0.55 0,28 Weed 0.08 
500 336 8.6 0.16 0.40 7,80 0,05 
550 435 8.6 0.80 0.38 7,10 0,18 
550 500 6.8 1.80 0,34 6.85 0,36 
550 735 9.8 0.66 0,35 2,90 0,09 
600 465 7.5 6.90 0.44 6, 20 1,48 


TABLE 5 RELATION OF COMPOSITION OF SOLUTION IN BOMB 
TO STEAM LEAVING BOMB 


Silica in Bomb with Average pH Values 


Temp. of Solution in Bomb Steam Ratio in % 

Sat. Steam 8102 Si03 SiO, Steam 
oF ppm pH ppm Si0z Soln, 
600 6.4 9.2 0,00 0,00 
500 25. 10,1 Q.00 0.00 
500° ay ds nblsay 0.01 0.06 
500 99. 11.0 0.04 0.04 
550 6.4 9.2 0.02 0.31 
650 25. 10,1 0,04 0.16 
550 99. 11.0 0.12 0.12 
550 97. 11.2 (1) 0.16 0.16 
600 26, 10,1 0.20 0,80 
600 24, 10.3 (2) 0.19 0.80 
600 68. pial 0,44 ©,65 


i Solution also had 1550 ppm NaCl present. 
(2 Solution also had 424 ppm NaCl present. 


low pH value in the solution, the silica content of the steam is 
greater than when the pH value is high. 

The silica present in the steam is of a very high order of mag- 
nitude when compared to the sodium hydroxide or sodium 
chloride found in the steam. At 600 F (1540 psi), saturated steam 
from the hydroxide or chloride solutions showed less than 0.001 
per cent of the sodium salts in the steam. However, when sili- 
cates were present in the solution, the silica in the steam varied 
between 0.4 and 1.6 per cent of the silica in the solution. This 
variation in silica from 0.4 to 1.6 per cent was due to the change 
in pH of the solution. Thus the silica is present in the steam in 
such large amounts as to preclude the possibility of its being 
mechanically entrained in the steam. Furthermore, the lack of 
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much change of conductance or pH value of the steam with in- 
creasing silica content indicated that the sodium salts of silica are 
not present. 

With a solution having a pH value’around 10 to 11, the amount 
of silica in the steam is about 0.05 per cent of the silica in the 
solution at 500 F (681 psi); 0.15 per cent at 550 F (1045 psi); 
1.0 per cent at 600 F (1540 psi); 1.6 per cent at 625 F (1854 psi) ; 
3.3 per cent at 650 F (2211 psi). 

The variation of SiO», in the steam with the change of pH in the 
boiler water, its rapid increase with temperature increase above 
500 F (681 psi), combined with the lack of a marked effect on the 
conductance and pH value of the steam, all indicate that 
the silica is not present in the steam as the sodium silicate. If the 
silica leaves the boiler water in another form than the sodium sili- 
cate, it may be in some form of silicic acid, such as H,SiO, or 
H.SiO;. Sodium-silicate solutions hydrolyze and at some tem- 
perature around 500 F could liberate silicic acid. This reaction 
would be influenced by the pH value of the solution and, since 
silicic acid is a very weak acid, it would in turn have only a slight 
influence on the pH value or conductance of the condensed steam. 


RELATIONSHIP BETWEEN SOLID Sruicic ACID AND SILICA IN STHAM 
AT VARIOUS TEMPERATURES AND PRESSURES 


If silicic acid is being vaporized, solid sodium silicate in contact 
with superheated steam should be present in the steam in amounts 
equal to its vapor pressure. In order to determine the action of 
these solids in contact with superheated steam, the test procedure 
was changed. Steam from the laboratory boiler was passed 
through the bomb shown in Fig. 4. The salts to be studied were 
pumped into the bomb in solution or suspension, and the tempera- 
ture of the bomb, being above the saturation temperature, gave 
superheated steam in contact with the solid materials to be 
studied. Copper spirals were placed on the plates in the bomb in 
order to increase the contact surface. The steam leaving the 
bomb passed through a stainless-steel tube 1/, in. OD X 20 gage 
about 10 ft long to a double coil (stainless-steel !/,in. X 20 gage in- 
side coil) condenser. The rate of flow was controlled by a 
needle valve on the outlet end of the condenser. Thus the steam 
was cooled while under pressure with no throttling of the steam. 

The bomb was partly filled with a solution of sodium silicate 
made from crystals of NaySiO;.5H,O and heated with the re- 
moval of steam until the steam was superheated, and then steam 
in the bomb kept superheated. This allowed superheated steam 
to be in contact with the solid sodium silicate. When steam at 
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681 psi (500 F) was passed through and heated to 600 F in contact 
with the solid sodium silicate, the steam contained 0.02 ppm SiOz. 

In the next test a similar solution of sodium silicate was put in 
the bomb, and while under steam pressure, sulphuric acid was 
added until the solution in the bomb became neutral. This 
would form silicic acid and sodium sulphate in the bomb. The 
solution was then slowly evaporated under pressure, and steam 
from the boiler passed through the bomb, which in turn super- 
heated the steam in contact with the silicic acid. Purified silicic 
acid was also pumped into the bomb while under steam pressure 
for additional tests. 

Table 6 gives the results obtained on tests run under these con- 
ditions. There was a marked variation in the silica content of 
the steam with change in rate of steam flow and at the same time 
very little variation with change in temperature. The condenser 
being so far from the bomb would not give samples of steam 
representative of that leaving the bomb. In order to check the 
effect of the location of the condenser, it was moved so as to be 
within a few inches of the bomb outlet. Table 6 shows the results 
of this change and indicates that the results were more consistent. 
However, even under this condition, the results were still slightly 
inconsistent. 

The bomb was heated at the lower portion, and the top re- 
ceived its heat only by heat transfer through the metal or by 
heat from the superheated steam; consequently, the steam leav- 
ing the bomb would be at a lower temperature than the steam in 


TABLE 6 TESTS RUN USING BOMB SHOWN IN FIG. 4 


Preseure Superheat Rate of Flow Si02 in 
p.8.1, gage Temp, °F lbs. per hr, Steam p.p.m, 
150 410 10 0,04-0.06 Silicie acid 
150 420 10 0,04-0.04 in bomb, Con- 
150 460 10 0,03-0,04 denser about 
150 550 10 0,11-0,14 10 ft. from 
150 650 10 0,14-0,17 bomb, 
150 750 10 0,23-0.57 
150 750 10 0,31-0,45 
150 750 5 1.70-1.07 
150 750 3 Bel Belt 
150 760 1.3 10,0 -3.9 
150 720-610 1.3 2.9 -2.7 
150 600 5 0,19-0,29 Place conden- 
150 600 10 0.15-0,21 eer within about 
150 600 2 0, 23-0, 25 4" of bomb out- 
150 600 6 0,21-0,41 let, 
150 600 2 0, 34-0, 46 
150 500 5 0,08-0,23 
150 500 = 0,14-0,16 
150 400 2 0,06-0,07 
150 400 5 0,03-0,04 
150 400 1,2 0,07-0,17 
150 400 5 0.04-0,04 
50 400 1.2 0.01-0,04 
50 400 2.0 0,01-0,01 
50 400 5.0 0.01 
50 400 1.2 0,03-0,03 
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contact with the silicic acid. This would not give true values for 
the silica over silicic acid at the control temperature. 

In order to obtain true values, the apparatus was changed to 
that shown in Fig. 5. Superheated steam was passed through a 
stainless-steel tube (1/,in. OD X 20-gage wall) inside a steel tube 
about 2 in. ID and 95 in. long. The space inside the larger tube 
was filled with copper spirals to increase the contact surface. 
The large tube was heated by means of electric-resistance wiring 
wrapped around the pipe. Thermocouples (constantan) were at- 
tached to the middle of the tube and at the outlet at the top. 

The superheated steam was passed down through the small 
inner tube up around the copper spirals and out the top of the 
tube. The steam was superheated by passing through an elec- 
trically heated superheater before passing through the tubes. 
Thus the only heat added to the larger tube was that necessary 
to counterbalance radiation loss. When the tube was at the de- 
sired temperature, a suspension of pure silicic acid alone was 
pumped into the top of the big tube. The silicic acid was pre- 
pared by adding hydrochloric acid to a solution of Na,O.SiOz. 
5H.,O in distilled water. The precipitated silicic acid was filtered 
and washed with distilled water until free of chloride. This de- 
posited the silicic acid on the spirals. The superheated steam 
leaving the tube should contain an amount of silicie acid corre- 
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sponding to the vapor pressure at the temperature and pressure 
used. In order to prevent silica deposit due to any temperature 
drop after leaving the tube, the condenser was placed at the out- 
let of the tube. 

Table 7 gives the results of tests run, using this equipment. 
The silica content of the steam was the same for rates of flow 
from 2 to 10 lb per hr. This indicated that the silica present in 
the steam represented the equilibrium condition between the 
silica in the steam and the vapor pressure of the silicic acid. Fig. 
6 shows the silica in the superheated steam at various pressures 
and superheat temperatures. In Fig. 7, the concentration of the 
silica in the superheated steam (log scale) is plotted against the 


reciprocal of the absolute temperature. This results in a series of 


straight lines for the various pressures. This relationship indi- 
cates that the silica present in the steam is the result of vapor 
pressure of silicic acid. 


Discussion or LABORATORY TESTS 


The laboratory tests show that sodium silicate in boiler water 
at steam pressures above 700 psi will liberate silica, presumably 
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TABLE7 TESTS RUN USING APPARATUS SHOWN IN FIG. 5 


Temperature OF Rate of 
Pressure Steam Leaving Steam Flow 
D.8.1, gage Superheater Wall Outlet lbs. per hr, 510, ppm 
50 530 530 500 5 0,04-0,04 
50 640 640 600 5 0,10-0,12 
50 430 430 400 5 0.00-0,00 
150 520 540 500 5 0,13-0,13 
150 520 540 500 10 0.13-0.13 
150 550 550 500 oe 0,10-0,12 
150 540 540 500 5 0.14-0.15 
150 680 630 600 5 0. 28-0, 32 
150 640 640 600 10 0,30-0,31 
150 700 630 650 5 0,49-0.50 
250 540 540 500 5 0.27-0,. 30 
250 640 640 600 5 0,65-0,.67 
250 680 680 650 5 0,92-0,98 
400 530 530 500 5 0, 62-0,66 
400 640 630 600 te} 1,.41-1,45 
400 640 630 600 5 1,.41-1,45 
400 680 670 650 5 2,04-2.06 
2 lye | 
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as silicic acid, in appreciable amounts without mechanical en- 
trainment of boiler water. This amount increases rapidly with 
pressure increase. It also increases as the pH value of the boiler 
water is decreased. 

When superheated steam is passed over solid silicic acid at 
various pressures and temperatures, definite amounts of silica 
are present in the steam corresponding to the temperature and 
pressure. No silica occurs in the superheated steam when it is 
passed over solid sodium silicate (NaO.SiO2.5H2O before being 
superheated). 

These results indicate that solid silicic acid has an appreciable 
vapor pressure at temperatures above 400 F. When the silica is 
present in solution in the boiler water as sodium silicate, the mole 
concentration of the silicic acid is very low, consequently the 
vapor pressure over the solution does not become appreciable 
until pressures around 1200 psi are reached. The vapor pressure 
of the silicic acid over the boiler water will be low due to the 
small mole concentration and the high pH value of the boiler 
water. Thus the concentration in the steam will be much lower 
than that corresponding to the true vapor pressure of the solid 
silicic acid at the higher temperature and pressure in the super- 
heater and the higher-pressure end of the turbine. However, as 
the temperature and pressure of the steam drop as it passes 
through the turbine, a point will be reached where the silicic-acid 
concentration in thesteam becomes greater than thesilicic-acid con- 
tent corresponding to the vapor pressure over solid silicic acid. 
When this occurs, silicic acid will deposit. Thus the higher the 
silica content of the steam leaving the boiler, the higher up in the 
turbine the deposits will start forming, and the greater the amount 
of deposit which will form in the turbine. If the silica in the boiler 
water is kept below certain values, the deposit forming in the 
turbines should be negligible. 


POWER-PLANT TESTS 


RELATIONSHIP BETWEEN SILICA IN STEAM TO SILIca IN BOILER 
WATER 


Studies have been made in three power plants having boilers 
operating around 1250 psi to determine the ratio between the 
silica in the steam and that in the boiler water. All three of these 
plants use evaporator make-up, have phosphate treatment, and 
use fresh water for surface condensers. 

In plant A, the pH value of the boiler water was between 10.9 
and 11.1. Daily analyses for silica were made on the superheated 
steam from each of the three boilers and on the combined steam 
from the main header. Silica was also determined in the boiler 
water from each boiler. 

The silica in the boiler water averaged 8 ppm with a minimum 
of 4 ppm and a maximum of 13 ppm. The silica in the steam 
averaged 0.05 ppm with a minimum of 0.02 ppm, and a maximum 
of 0.10. 

The ratio of the silica in the steam to that in the boiler water 
was between 0.5 and 0.8 per cent. The specific conductance of 
the degassed steam was about 1 micromho. 

In plant B, the pH value of the boiler water was between 10.7 
and 11.2. Daily analyses for silica were made in a similar man- 
ner to plant A. 

The silica in the boiler water averaged 9 ppm with a minimum 
of 5 ppm, and a maximum of 14 ppm. The silica in the steam 
averaged 0.05 ppm with a minimum of 0.03 ppm, and a maximum 
of 0.10 ppm. The ratio of the silica in the steam to that in the 
boiler water was between 0.5 and 0.7 per cent. The specific con- 
ductance of the degassed steam was about 1.2 micromho. 

In plant C when the pH value of the boiler water was between 
11.0 and 11.8, the silica in the steam was between 0.01 and 0.05 
ppm. The boiler water had a silica content between 2 and 5 ppm. 


314 


This gave a ratio of silica in the steam to that in the boiler water 
around 0.8 per cent with a maximum of 1 per cent. 


CHANGES OCCURRING IN STEAM As It Passes THROUGH TURBINES 


In plants A and B, no data are available on the silica content of 
the low-pressure steam or the condensate. This was due to the 
fact that the deposits forming on the low-pressure units were of a 
small order of magnitude. Thus in plant B, the low-pressure 
unit at the end of 2 years when examined on scheduled outage 
showed a small amount of deposit. However, this soft and easily 
removed deposit was forming in the temperature range from 400 
to 250 F. It contained from 30 to 71 per cent SiO.. The silica 
was present as cristobalite and chalcedony, both crystalline 
forms of silica. The rest of the deposits consisted mainly of iron 
oxides (red and black). 

In plant C, prior to the time when the values reported were 
obtained, much difficulty was experienced with turbine-blade 
deposits in the low-pressure units. At the time these deposits 
were forming the silica content of the boiler water varied between 
10 and 40 ppm. The silica in the steam leaving the boilers varied 
between 0.1 and 0.4. The steam condensate from the low- 
pressure machines contained about 0.1 to 0.2 ppm SiO2. This 
showed a loss of up to 0.2 ppm SiO, in the steam passing through 
the low-pressure units, a definite indication of silica deposition in 
the units. At the same time, the stage pressures indicated de- 
posits were forming. When the conditions of operation were 
changed so that the silica in the boiler water was kept below 5 
ppm, the silica in the high-pressure steam was the same as that 
in the condensate from the low-pressure units. This indicated no 
silica deposition in the units. At the same time, the stage pres- 
sures showed no indications of deposits forming. 

From the study made in this plant, it was concluded that, 
when the silica in the steam became higher than 0.1 ppm, there 
was a probability that deposits would form in the low-pressure 
turbines. When this value has been kept below 0.05 ppm, the 
units have operated over 11/2 years with no indications of de- 
posits forming. 

During these plant tests, it was noticed that the silica content 
of the boiler water in plants A, B, and C (during the days of 
higher silica content) increased whenever the boilers came on the 
header after being on bank. At the same time the silica content 
of the steam also increased. These values returned to average 
shortly after the boiler was in normal operation. This appears 
to be connected with so-called ‘‘hideout.”’ 


PREVENTION OF SILICA BLADE DEPosITS 


The plant tests have indicated that when the silica in the boiler 
water is kept below 5 ppm and the pH of the boiler water around 
11, no appreciable silica deposits form in the turbines. When the 
silica in the steam becomes greater than 0.1 ppm deposits will 
form. 

This indicates that, in order to prevent this type of deposit, it 
is essential that the silica in the steam be kept very low. This 
may be accomplished either by keeping the silica in the boiler 
water very low or by removing it from the steam before super- 
heating. 

Studies have been made in the laboratory relative to reducing 
the soluble silica in the boiler water by the addition of chemicals 
which will precipitate the silica as an insoluble sludge. 

Fig. 2 shows the bomb used for these tests. Steam was passed 
through the solution in the bomb. The procedure followed was 
to add sodium silicate and NaOH to get the desired silica and pH 
value of the solution in the bomb. Known amounts of MgSO,. 
7H,O (Epsom salts) were put in solution and pumped into the 
bomb. The steam and a sample of the bomb solution were then 
analyzed. This procedure was followed until a constant low 
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value for silica was reached. Table 8 gives the results of a test 
run under these conditions. The addition of the magnesium re- 
duced the soluble silica from 82.5 ppm to around 2 ppm. Since 
Epsom salts is acidic, it was necessary to add an equivalent 
amount of sodium hydroxide in order to maintain the desired pH 
value. The soluble silica remained around 2 ppm even after an 
excess of magnesium salt had been added. These results indicate 
that it is possible to reduce the soluble silica to around 2 ppm by 
the addition of magnesium and that the silica is retained in the 
sludge. 


TABLES EFFECT OF MAGNESIUM ON SILICA IN SOLUTION 


fe} 
Tests Run at 600 F (1545 p.s.i.) 


Solution in Bomb SiO, in Amount 
Side Steam Chemical Added Added in 
ppm pH ppm Grams 
8.3 ai 0.09 

82.5 ala Fate) 0.70 NazgSi0 3. 5H20 0.20 
31.0 10.1 0,34 MgsO,.7H20 0.15 
27.0 10.7 0.26 NaOH 0.065 
14,0 10.6 0.15 MgSO,4.7H20 0.10 
8,0 10.4 0.13 

11.0 10.5 0.13 

10.0 10.6 aeulal 

4.3 9.9 0.05 MgSO,4.7H20 0,10 
4.1 10.8 0,03 NaOH 0,125 
2.3 10,5 0,01 MgSO,4.7H,O 0,10 
16 10.3 0,01 MgSO,4.7H20 0.10 
1.9 10.8 0.005 NaCH 0.12 
2.4 11.4 0.005 

1.5 eb al 0,005 MgS04.7H30 0,20 


Since the concentration of the silica in the steam is a function 
of the silica concentration of the solution in contact with the 
steam, the silica in the steam could be reduced to a low value by 
bringing the saturated steam in contact with a water having a 
very low silica content. This would involve the scrubbing of the 
saturated steam with a fairly pure water low in silica. Such a 
procedure should also reduce mechanically entrained boiler water 
to a low value and stop soluble as well as insoluble deposits. 


Discussion 


C. E. Imnorr.® The authors are to be congratulated for filling 
in some of the vacant spaces in our knowledge of the behavior of 
silica in high-temperature high-pressure steam. Having assisted 
in a similar study of the solvent action of superheated steam on 
“fiberglas’’ (95 per cent Si Oz), the writer can affirm the diffi- 
culties the authors encountered in their study. As they point 
out, it is absolutely necessary to reduce the length of piping be- 
tween the bomb and the condenser to a minimum and to con- 
dense the sample under full steam pressure. 

In order to understand completely the mechanism of silica 
deposition, one must know just how the silica gets into the steam 
in the first place, whether it enters into any reactions within the 
steam as it passes through the turbine, in what form it exists in 
solution, what is the medium of solution, and how erystalliza- 
tion takes place from this solvent. The authors have shown one 
way in which silica may exist in solution in the steam. The 
theory of steam as a solvent explains almost all of the character- 
isties of precipitation of quartz and amorphous silica, but the 
mechanism for the erystallization of sodium disilicate is more com- 
plex. It is, however, theoretically possible for the deposition 
of silica and silicates to take place from droplets, and the me- 
chanical-entrainment theory, therefore, should not be completely 
discarded, in spite of the greater plausibility of the solubility 
theory. 


6 Feedwater Treating Department, Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis. 


STRAUB, GRABOWSKI—SILICA DEPOSITION IN STEAM TURBINES 315 


for a number of years the constitution of turbine-blade de- 
posits has been studied by means of X-ray diffraction in the 
laboratories of the writer’s company. The various compounds 
have been charted according to the temperature zones in which 
they occur. The most common forms of silica thus far found in 
the study are those of amorphous silica, alpha quartz, and sodium 
disilicate. 

The mechanism of turbine-blade-scale formation will be clar- 
ified if the observations regarding scale constituents can be cor- 
related with the solubility data. For this purpose the data in 
the authors’ Fig. 7 have been replotted as is shown in Fig. 8 of 
this discussion. These data are extrapolated down to the satura- 
tion temperature for each pressure and on the other side of the 
curve extrapolated up to 950 F. The shaded area in Fig. § 
covers the ordinary ranges of pressures and temperatures which 
are encountered in the intermediate- and low-pressure stages of 
modern steam turbines. The lower part of this shaded area is 
labeled alpha quartz and the upper part is labeled sodium di- 
silicate. Below the alpha-quartz area there is a notation for 
amorphous silica. These notations designate the temperature 
ranges in which these three forms of silica are most often found in 
turbine-blade deposits. The boundaries shown in Fig. 8 are not 
as sharp as indicated, for there is some overlapping of the various 
constituents on either side of the border lines as shown. By 
far the greater percentage of amorphous-silica deposits, however, 
are found at temperatures below 300 F. In fact, amorphous 
silica often occurs in the saturated-steam zone. Alpha quartz 
is found between 300 and 500 F and sodium disilicate exists largely 
between 500 and 700 F. 

It is of interest to note the solubility values of silica in the 
ranges of temperature and pressure indicated for these three forms 
of silica. At the pressure and temperature existing in the tur- 
bine where quartz deposits are found, the solubility of silica 
ranges between 0.005 ppm to about 0.25 ppm, and amorphous 
silica is found where the equilibrium solubility is below 0.005 
ppm. If these data are interpreted correctly, silica deposits will 
occur with lower concentrations of silica in the steam than has 
normally been thought the case. It should be kept in mind, 
however, that it is quite probable that silica exists in a high de- 
gree of supersaturation as it passes through these lower tem- 
perature zones in the turbine and that crystallization lags con- 
siderably behind the true saturation point. For example, ac- 
cording to the curve, quartz should start to crystallize when the 
solubility of silica in the steam falls below 0.25 ppm. It is quite 
possible, however, that the silica concentration may actually be 
higher than this at the point of crystallization owing to the high 
degree of supersaturation. 

The solubility data also give us some explanation as to why we 
find amorphous silica at the lower end of the turbine following 
alpha quartz. Normally, those compounds which precipitate 
in an amorphous state are those which have a very low degree of 
solubility and in which precipitation takes place at a rapid rate. 
In the zone where amorphous silica is commonly found, the sol- 
ubility of silica is extremely low, and the temperature is changing 
very rapidly, causing the separation from the soluble phase to 
take place also at an extremely rapid rate. The silica therefore 
changes over into the solid state before it has time to be oriented 
into a crystalline configuration. 

Considering the zone for sodium disilicate, it is apparent that 
the solubility of silica is considerably above what we would 
normally expect to find in any high-pressure steam. The forma- 
tion of sodium disilicate, therefore, probably takes place accord- 
ing to a different mechanism from that of alpha quartz and 
amorphous silica. The temperature range for crystallization 
corresponds rather closely to that for sodium hydroxide and 
suggests that there may be a reaction in the steam between 
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sodium hydroxide and dissolved silica; and that crystalliza- 
tion proceeds from droplets in which this reaction and subsequent 
precipitation occur. In none of the silica deposits thus far 
studied has there ever been any evidence of sodium hydroxide 
being present from the X-ray diffraction patterns. The same is 
true for sodium metasilicate. It is quite possible that many 
deposits which, on the basis of chemical analysis, were previously 
thought to be composed of sodium hydroxide, were actually com- 
posed of sodium disilicate. During titration, the alkalinity of 
sodium disilicate behaves as though the compound were caustic 
soda. One can therefore be easily misled on the basis of chem- 
ical titration only. 

It has been theorized that silica is present in the steam as 
H.SiO;, and there are some reasons why this could be true. How- 
ever, if one draws an analogy between sodium silicate and sodium 
carbonate, it can be argued that silica is present as SiO, Equi- 
librium conditions for this comparison can be represented by an 
equation showing SiOz as one of the components where it be- 
haves similarly to CO, in the sodium carbonate equilibrium 


Na»CO; + H,O —>2Na0H + CO, 
Na,SiO; + HeO—>2Na0H + SiO, 


Whether silica is present as dissolved H)SiO; or SiO» is impor- 
tant, because it has a bearing on how silica is deposited. X-ray 
diffraction patterns of blade deposits show that the silica is in the 
anhydrous form, whether it be alpha quartz or amorphous silica. 
If the deposition is in the form of silicic acid it must be followed 
by a dehydration to account for the anhydrous form found in de- 
posits. The authors used silicic acid for the solid phase. How- 
ever, in the writer’s experiments, the solid phase was anhydrous 
silica glass and this went into solution apparently as readily as 
silicie acid. In this case anhydrous silica went into solution in 
superheated high-pressure steam to the extent of between 3.6 and 
14.6 ppm. If the silica were present as H.SiO;, it would have to 
be preceded by a hydration of the SiOz when it went into solution. 
From the standpoint of the crystallization products and from the 
solubility behavior of anhydrous silica in steam, it would seem 
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somewhat more plausible to consider the dissolved form of silica 
to be SiO, rather than H.SiOs. 

The authors’ observation that silica contributes but little 
to the specific conductance of a condensed sample was verified 
in some of this writer’s tests on the solubility of fiberglas. In 
one instance, when the bomb was allowed to fill with hot con- 
densate, the silica content of the sample was 285 ppm, whereas 
the specific conductance was only 3 micromhos. 

The authors have made a significant generalization in regard 
to the amount of silica found in the steam at different pressures. 
According to their findings, one would expect that there would 
be 20 times as much silica in steam generated at 1540 psi as there 
would be in steam generated at 680 psi. with the same silica 


TRANSACTIONS OF THE A.S.M.E. 


JULY, 1945 


concentration in the boiler water. From this it can be easily 
seen why it is so important to keep the silica concentration 
low in high-pressure boilers and why silica turbine-blade de- 
posits are so much more likely to be found in the higher-pressure 
machines. 

Is any significance attached to the fact that the pH values in 
most of the tests are above 7, while the assumption is that the 
silica is present as H,SiO;? Both specific conductance and pH 
measurements indicate extremely low degrees of ionization, and 
yet the silica can be readily determined colorimetrically. Any 
slight degree of ionization, however, should tend to produce a 
pH value below 7. 


History of Potassium Boiler-Water 
Treatment at Springdale 


By L. E. HANKISON! ann M. D. BAKER? 


Results are given in considerable detail of 2 years’ 
experience in the treatment of boiler water at Springdale 
Station, West Penn Power Company, with potassium 
compounds which were substituted for sodium salts for 
water conditioning of both the high- and low-pressure 
boilers. This change in treatment was started August 25, 
1942, in an endeavor to prevent the formation of silica 
scale in the boilers and also to minimize if possible de- 
posits of silica on the turbine blades. 


HE use of potassium salts instead of sodium salts for boiler- 
water conditioning at Springdale Station, West Penn 
Power Company, was started August 25, 1942. This change 
in treatment was made in an endeavor to prevent the formation of 
silica scale in the boilers and also possibly to minimize the deposi- 
tion of silica on the turbine blades. The basic theory for be- 
lieving potassium salts superior to sodium for this purpose is the 
increasing solubilities of potassium-silicate compounds with in- 
crease in temperature and pressure, as described by Morey,? 
compared to sodium-silicate compounds which decrease in solu- 
bility with increase in temperature and pressure. The applica- 
tion of Morey’s information to boiler waters has been described 
by Hall.4 
Since discussion of Hall’s paper last year, we have received 
many inquiries regarding details on application of the treatment, 
conditions existing, and technique employed in the control of the 
potassium boiler-water treatment. This presentation will go 
into greater detail than might normally be considered necessary , 
but it is based on the many questions that have been asked 
and is given in order that all may benefit from the 2 years’ ex- 
perience with potassium compounds for boiler-water treatment 
at Springdale. Potassium salts were substituted for sodium salts 
for water conditioning of both the high- and low-pressure 
boilers in the Springdale Station. 


DESCRIPTION OF BOILER 


The boiler plant is composed of three 1350-psi steam generators 
each rated at 475,000 lb of steam per hr and operated at maximum 
capacity; and eight 350-psi boilers, each capable of generating 
160,000 lb of steam per hr. Serious trouble with analcite scale 
had always been experienced in the high-pressure boilers, and loss 
of capacity was observed and thought to be caused by a deposi- 
tion of silica scale in various sections of the boiler. The low- 
pressure boilers had some analcite scale in the upper rows of tubes 


1Superintendent, Efficiency Department, West Penn Power 
Company, Pittsburgh, Pa. Mem. A.S.M.E. 

2 Chief Chemist, West Penn Power Company, Springdale, Pa. 

3“The Ternary System H2O—-K2Si03;-SiO2,” by G. W. Morey, 
Journal of the American Chemical Society, vol. 39, 1917, pp. 1173-1229. 

4‘*4 New Approach to the Problem of Conditioning Water for 
Steam Generation,’ by R. H. Hall, Trans. A.S.M.E., vol. 66, 1944, 
pp. 457-488. 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and presented at the Annual Meeting, New York, N. Y., 
Nov. 27-Dec. 1, 1944, of Tam American Society ofr MECHANICAL 
ENGINEERS. ‘ 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Fie. 1 Cross-SxctionaL Vinw or A Hiau-Pressurse BorLer 


but there were no tube failures. The detrimental effect of scale 
in these low-pressure boilers was confined to loss in efficiency 
and capacity. This discussion therefore exclusively describes 
experiences with the high-pressure boilers. Fig. 1 is a cross-sec- 
tional view of a high-pressure boiler. 

A description of the high-pressure boilers requires mentioning 
the many water circuits or individual boilers included in each 
generating unit. Forty more or less complete circuits are con- 
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nected in common to one drum. Hach circuit has its own char- 
acteristics regarding circulation, heat absorption, sludge depo- 
sition, etc. The location where the largest sludge deposits 
occur is in the twenty-eight sections composing the horizontal 
tube area of each boiler. Each section is an individual boiler 
made up of a downcomer from the drum which supplies a sec- 
tional header, which in turn supplies water to five and one half 
steam-generating tubes. The half tube extends part way across 
the boiler and then ascends vertically, forming a baffle wall. 
The five full-length tubes discharge into an uptake sectional 
header where the volume of steam and water mixture from the 
lower rows tends to restrict the flow in the top rows of tubes. 
This restriction causes sluggish circulation and results in sludge 
accumulations in these upper rows. Some corrections to this 
circulation have been made so that at present most of the sludge 
deposits only in the top full row of tubes. Silica scale forms 
under the sludge. 


MECHANISM OF SCALE FORMATION 


The boiler water in the sludge is boiled off into steam and new 
water filters through the sludge to the tube surface, carrying ad- 
ditional soluble solids which form a concentrating film of boiler 
water. Under this condition, high concentrations develop which 
are not diluted by an inflow of boiler water as the inflow is only 
sufficient to replace the water that is evaporated. The high 
alumina content of most of the silica scales indicates many thou- 
sands of concentrations. The localized concentrations of sludge 
which permit scale formation cannot be corrected by water con- 
ditioning except by the complete elimination of the scale-forming 
elements from the water. 

The silica-seale trouble, with one exception, was entirely con- 
fined to the tubes in the generating or horizontal section of the 
boilers. This one exception was during a period when some com- 
pounded oil contaminated the feedwater system. This incident 
will be described later. 


Fie. 2. Typican Scate ForMATION FouNpD IN Parts oF BOILER 
WHERE CIRCULATION Is SLUGGISH 


Fig. 2 shows a typical scale formation that is found in parts 
of the boiler where the circulation is sluggish. The upper por- 
tion of loose deposit has been removed by water washing and, 
consequently, is not shown. This loose deposit is usually 5 to 10 
times the volume of the other two deposits. The view shows the 
copper-colored semiadherent portion and the hard layer of silica 
seale that is tightly adherent to the tube. The chemical analy- 
ses of the loose and semiadherent deposits do not vary greatly, 
both being high in iron oxide and containing appreciable amounts 
of phosphates, calcium, and copper, but with very little aluminum, 
potassium, or sodium. The hard adherent scale is high in silica, 
iron, aluminum, and potassium. Table 1 gives the chemical 
analyses of these separate deposits. 

Table 2 gives the suggested combined form of the hard deposit 


TABLE 1 ANALYSES OF DEPOSITS ILLUSTRATED IN FIG. 2 


Loose Semi- Hard 
deposit, adherent, seale, 
per cent per cent per cent 

Sulphur trioxide, SOs... . Ae Trace Trace 1.0-1.5 
Phosphorus pentoxide, P2Os....... 7-8 7-8 2-3 
Silica, BiOS-¢ ete. 2. 4. % 3 2 25.2 
Iron oxide, eNews Sosa: cama ees 59 63 see 
Iron oxide, Fe2O;. et ay ee 27.0 
Aluminum oxide, AlsOs........ ato) ere 20.0 
Calcium oxide, CaO.......... a 7-8 Less than 5 1-2 
Magnesium oxide, Vig Ole comer 2-3 1-2 1-2 
Sodium oxide, NazO............. uy Ra Low 
Potassium oxide, es Ou tee hoa ite B30 21 
Copper, Cu....0.... hears an kee cone 10.4 15.0 Te 
UF a ay 1 ay ee on a 6.0 4.9 0.9 
TABLE 2 SUGGESTED COMBINED FORM OF HARD SCALE IN 
TABLES 1 AND 11 

Hard scale, per cent 

Table 1 Table 11 
Hydroxyapatite, 3 Cas(PO:s)2Ca(OH)e.../.......... 2.5 eet 
Magnesium phosphate, Mgs(POs)o................. lia Teed, 
Magnesium aluminate, MgAlOs..............--.-- ree 2.6 
Potassium sulphate, KsSQys) ox. .58% oe! dagun ok De ate 
Potassium-aluminum tetrasilicate, K2OAl2034SiOse, . . Se 26.3 
Potassium-aluminum disilicate, 20 AlzOs2SiO2...... 62.2 LF 
Potassium-iron disilicate, GOW esOs2510s4: eeeieee oe 5.0 Er 
Magnetic iron oxide, Fe:Ou, i... 5.66 ss ee see sere 46.4 
TronyOxide@ Hes Osan. itSadcs tor. Bi acetelec adn cia ee 24.9 she 
Copper, Cuo mar ere cr neo ae eee ere ee Zod 2.4 
Ignition less combined water..............-..-+.-. 0.8 22 


TABLE 3 TYPICAL ANALYSIS OF BOILER WATER WHILE 
ADDING SODIUM SALTS 
A reading, epm........ 3.4* Phosphate, POs, ppm....... 161 
B reading, epm......... PIERS Chloride, Cl, "ppm... .2:4-.- 74 
Sulphite, SOs, ppm..... ai Silica, SiOs, ppm... ue. er 3 
Sulphate, SOs, ppm..... 554 Total solids, ppm.......... 1274 
* A Reading: Titration of the sample to the end point of phenolphthal- 


ein. B Reading: Addition of barium chloride to the sample followed by 
its titration to the end point of phenolphthalein. 


TYPICAL ANALYSIS OF BOILER DEPOSITS WHILE 
ADDING SODIUM SALTS 


TABLE 4 


Loose Semi-hard Hard 
deposit, deposit, scale, 
per cent per cent per cent 

Sulphur trioxide, SOs..........-. Trace 4.5 

Phosphorus pentoxide, P2Os...... 30 or more 11.5 ie 
Silica, STOMA 0s A ie eae. Less than 1 20.4 25.1 
Iron and aluminum oudes, Cans 10-12 Ae AiG 
Tron oxide, Fe2Os.. Se ay i 14.4 SMe 
Aluminum oxide, INOR =) ates cto: day! 15.1 se 
Caletumioxnde, OaOn sn... ase 20+ 4.8 oe 
Magnesium oxide, MeO}. 20+ 2.4 Paty 
Sodium oxide, Na20.. ris 18.3 aa 
Copper, Cu 2 PEAS ae 5 show | Gaal Phe 
Total ignition Tossa toat ngihan tee None 1.8 Sieet 


Microscopic examination: 


Loose Deposit. Crystalline calcium phosphate and crystalline magnesium 
phosphate, copper, and a small amount of FesOs. 

Semihard Deposit. Principally analcite with a small amount of calcium 
sulphate. A fair amount of metallic material, and a fair amount of a phos- 
phate compound which is probably calcium’ phosphate. A fair test was 
obtained for the presence of a very acid-soluble magnesium compound. 

Hard Scale. A deposit of analcite and calcium phosphate with a very 
small amount of calcium sulpbate, a rather fair amount of acid-soluble 
magnesium compound. 


in Table 1 and the hard deposit in Table 11. The compound 
formed depends upon the amount of silica present and no doubt 
follows the general rule that it is the highest containing silicate 
that can form with the amount of silica available. These po- 
tassium-aluminum-silicate compounds will disintegrate in a 
hydrochloric-acid solution. 


Conpirions WHEN UsinG Sopium SAurs 


The sodium chemicals that formerly had been used for water 
conditioning were flake caustic soda, anhydrous disodium phos- 
phate, and santosite (alkaline sodium sulphite). The make-up 
was evaporated, and chemical treatment was needed because of 
condenser-water leakage and evaporator carry-over. A typical 
analysis of the boiler water during the period when using sodium 
salts is given in Table 3. A chemical and microscopical analysis 
of the loose sludge, semihard scale, and also the hard scale ad- 
hering to the tube surfaces during this period are given in Table 
4. The increase in the silica content of the various deposits as 
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they 
deposit formation. The top layer contained very little silica, not 
sufficient aluminum to separate it from the iron, no sodium, and 
it was easily removed. As the water evaporated, the con- 
centrated layer caused the formation of the sodium-aluminum- 
silicate scale on the tube surface. This scale requires turbining 
for removal. The 25.1 per cent silica is equivalent to 42.2 per 
cent analcite. 

Analcite scale formed on the tubes in amounts varying from a 
layer that was just visible, to a deposit about !/s in. thick. This 
material was formed in patches of maximum width about half 
the lower inside circumference of the tube and in length up to 
12 in., and it was always found under large amounts of loose de- 
posit. Hach of the heavier analcite deposits required 4 hr of tur- 
bining for removal. Normal intervals between turbinings were 
about 3 months, but when the boiler came off for other reasons 
there was one interval of only 14 days between turbinings. The 
formation of analcite scale, the resultant frequent turbining, and 
loss in capacity of the boilers were the principal reasons for chang- 
ing from sodium to potassium treatment. 


SUBSTITUTION OF PorassiuM SALTS AND CONTROL 


The potassium salts substituted for sodium salts were po- 
tassium pyrophosphate, potassium hydroxide, and potassium 
sulphite. The change from sodium to potassium treatment of 
the boiler water required no change in the plant control or 
analytical methods. The only additional testing required is to 
determine the ratio of potassium to sodium. With sodium treat- 
ment the amount of potassium present in the boiler water was 
generally less than 1 per cent of the sodium. With potassium 
treatment, the ratio is usually 6 or more of potassium to 1 of so- 
dium expressed in epm. Best conditions are obtained in the 
boilers when the ratio of potassium to sodium is 8 to 1 or higher. 
As the contamination that enters the system contains sodium 
compounds, the amount of sodium is a definite measure of the 
amount of contamination. During a time when the contamina- 
tion was excessive, the ratio of potassium to sodium dropped to 
1.3 to 1. 

Gasket Failure. The first trouble that could be attributed to 
potassium was the failure of handhole cap gaskets. Monel-clad 
asbestos gaskets were used. Before introducing potassium 
these gaskets had started to fail as was shown by the number 
of gaskets that had to be replaced during boiler outages. No 
boiler outage could be attributed to gasket failure while using so- 
dium treatment but the hydrostatic tests made during shutdowns 
showed caps to be leaking. With sodium treatment, failures 
that might have occurred in service were largely self-sealing. 
With the introduction of potassium, gasket failures made it 
difficult to keep all three boilers in service at the same time. Any 
seals that had been established with the sodium-treated water 
were dissolved and this caused numerous shutdowns. This 
condition existed until the boilers were entirely regasketed. Dur- 
ing this time, delivery of gaskets was very slow, so for a period 
of weeks the gaskets on hand were only sufficient to fix the caps 
that were leaking and not enough to completely regasket a boiler. 
The seals that had been made on all rolled tubes that had not 
been perfectly fitted were dissolved and leaks developed, making 
it necessary to reroll a large number of tubes. After regasketing 
and getting all tubes properly rolled, this type of trouble has 
practically disappeared. Potassium-conditioned water will not 
seal even the smallest leak. 

An analysis of boiler water collected at the time of gasket 
trouble is given in Table 5. During this time it was necessary to 
add approximately double the amount of potassium hydroxide 
that was calculated to be sufficient to maintain excess hydrox- 
ide in the boiler water. This fact together with the low amount 


approach the tube surface illustrates the mechanism of 
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of silica found in the boiler water (Table 5) and boiler deposits 
(Table 6) together with the removal of silica from the boiler 
metal has not been satisfactorily explained. 

Inspections of the boilers made at this time showed soft de- 
posits in the generating tubes of the boiler, but there was no hard 
scale under these deposits. Table 6 gives an analysis of the 
sludge deposits found. All sludge deposits sampled at this time 
contained less than 3 per cent silica. 

Magnetic-Iron-Oxide Scale. From the second to the sixth month 
of potassium treatment, the amount of Fe;O, in the boiler de- 
posits gradually increased from about 3 per cent to more than 50 
per cent. Also, instead of a soft powdery deposit in the boiler 
tubes, pieces of iron-oxide scale (Fe;04) were found. This loose 
scale gradually increased until it was necessary to remove the 
boilers from service to clean out the headers. A possible ex- 
planation for this scale is that a layer of acmite scale had formed 
over large areas in the waterwall tubes when using sodium treat- 
ment. The potassium had leached out the silica, made the scale 
porous, and caused the magnetic-iron-oxide scale to loosen. The 
scale retained only sufficient silica to cement the particles of 
Fe;O4 together. 

Table 7 gives a comparison of the analyses of the acmite- 
analcite scale found in the boilers with sodium treatment and the 
loose magnetic-iron-oxide scale found after potassium treatment 
had been in use 6 months. 

pH Values Lowered to Reduce Fe;Os. Another thought re- 
garding the increase of Fe;O, in the boiler deposits was caustic 
attack of the boiler iron in areas of high heat input. The alka- 
linities of the boiler waters were considered high, the pH value 
being in excess of 11. As an experiment, the alkalinities were 
dropped and the pH values were carried between 10 and 10.5. 
The effect of the lowered alkalinities was quickly noticed. After 
2 months of operation, the sludge in the boiler had changed from 

TABLE 5 


BOILER-WATER ANALYSIS AT TIME OF GASKET 


FAILURES 

DElreadings Semis: co se tcctrectealade «aetna a Leg 
A reading, SPDIFT cess cekiramow say ty siete. 3.5 
B reading, epm.. CA ERT Ho Deane Ona 1.5 
Sulphite, SOs, ppm. 3 
Sulphate, SOu, ppm. 274 
Phosphate, POs, ppm. 269 
ChlondexsCEappmitil ters fists b so neetonst 21 
Nitrate: .NOssppmuncn sues otters 1 
Dissolved silica, SiOz, ppm BEAD. eat 5 
FAM wea ATT VN Ee cba hg Koay Gunso e Saha eer: 2 
Sodium. WNiae ppimicnusiaee bern sme aa ae 39 
Potassium sks PPE ee botiety, sbik. oe: the Ghee 505 
Motalsolas ppm wens eee ae den. 6 L2Oo 
Riatliowke/ Na epi deays ceed et se tee ee 7.6/1 


TABLE6 ANALYSIS OF SLUDGE DEPOSIT AT TIME OF GASKET 
FAILURES 
Per cent 
Salphurttrioxide; SOs tay race sececs a tie aw enol 0.3 
Phosphorus pentoxide, P20s................. 11.8 
Silica’ Sie er wes oot, saree. auleese eregeten peas 2.2 
Iron oxide, Fe2Os. . Dal ert ck Sek ee DOT 
Aluminum oxide, Al,Os.. oes ke 4.2 
Calcium oxide, GROWN sh eee Be pes dieode 
Magnesium oxide, Mee hey Se nr ee ae 5.2 
Sodium ely IN Bs Os eee. Aa oe es ea kcsetel 5.1 
Copper, Cu.. ee Pe Ore eG ren 5.4 


Microscopie examination: Major constituents of this deposit are FesOs, 
calcium phosphate, and copper. The minor constituents are magnesium 
phosphate and an isotropic silica or silicate. 


TABLE7 IRON-SILICA SCALE BEFORE AND AFTER POTASSIUM 


TREATMENT 
Sodium treatment, Potassium treatment, 
per cent per cent 
Sulphur trioxide, SO3............ 225 Trace 
Phosphorus pentoxide, P2Os....... 8.9 10.7 
Silica, poi Oreos eee - tee patter is 13.3 1.8 
Iron oxide, FesOs. ay areas, 4 45.9 60.3 
Aluminum, oxide, AlsOs:. Pits 10.7 0.4 
Calcium oxide, CaO... 2... ...... 5.2 7.3 
Magnesium oxide, mee efesare 1.5 6.2 
Sodium oxide, NasO............. 9.2 0.0 
Copper, Cu.. sit 8.1 
Net ignition less calc. 2.9 2.2 
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a soft powdery deposit to a deposit that contained many small 
pieces of scale. Also, the boiler tubes were coated with a de- 
posit that resembled hard dried sludge. The color of the deposit 
changed from black to gray. Because of the condition of the 
boiler tubes, the alkalinities were again raised to their former 
levels and the deposits became soft and the tubes free of adhering 
deposits. When the alkalinities were raised, potassium chloride 
was added to the boiler waters to prevent caustic attack. There 
was no change in the color of the deposits as the chlorides (Cl) 
were always maintained higher than the hydroxide (OH). 

The analysis of a sample of hard scale that was formed at the 
time of low alkalinities is shown in Table 8. 


TABLE 8 DEPOSIT FORMED DURING PERIOD OF LOW 
pH VALUES 
Per cent 
SulphtrstrioxideyS Osc nen emie teenie 0.0 
Phosphorus pentoxide, P2Os...........-- 7.9 
Silica ;Si@a, <cpas oasis, aapacereeeneia ier 13.6 
Tronioxide; WerOen le antek toon telomere eine 38.0 
Aluminum oxide, AleOs.............--6. 10.2 
Caleram‘oxideyCaiO. ie. act peeene oeiet 6.3 
Magnesium oxide, MgO.............-+. 3:7 


Sodium oxide, Naz . Not determined 
Potassium oxide, KO.. . More than 10 
Copper, Cul tiasncon 10.6 


Nettignition Oss): ..c acter rye elentrciee 2.0 


Microscopic examination: The major constituent is iron oxide as mag- 
netite with some hematite. The minor constituents are calcium phosphate 
(hydroxyapatite), metallic copper, fair amount of potassium, and an uniden- 
tified isotropic material. 


Addition of Chloride to Prevent Caustic Attack. The reason for 
adding chloride is for dilution of the caustic concentration. 
When a small bubble of steam forms on an evaporating surface, 
a certain amount of superheat is formed on the under side of the 
bubble. This theory was described in detail by Hall‘ as the Ats 
function. In areas of high heat input, the amount of superheat 
is usually sufficient to cause deposition of the phosphate and sul- 
phate salts that are in solution in the boiler water. Under this 
condition, the remaining soluble salts, hydroxides, chlorides, and 
some silicates will concentrate to form a 5 per cent plus solution 
of molecules. A 5 per cent solution of hydroxide at elevated 
temperatures and pressures will readily attack iron. The intro- 
duction of the chloride ion does not change the molecular con- 
centration of the superheated solution but does change the per- 
centage of hydroxide available for attack. The addition of 
chlorides reduces the percentage concentration of hydroxide. 
A 5 Cl to 1 OH ratio in a 5 per cent solution has 0.83 per cent of 
OH and 4.17 per cent of Cl. Hence the effect of the caustic is 
reduced by that amount. 

An analysis of the boiler water prior to the time potassium 
chloride was started is given in Table 9. At that time the ratio 
was 1 of Cl to 2.7 of OH. 


TABLE 9 BOILER-WATER ANALYSIS AT START OF CHLORIDE 
TREATMENT 


A PORCINE, EDI s cakes pnts o.8's oe one menses 
Bresding, 6pm si. csiccws aero uw rit an eh aes 
PHC VAlUG a imeicniewk oye suerte. Ato cars ener 
Sulphate; SO@ ppnow ween euce 
Sulphite, SOs, BP« cccicin doe esis ve. a 
Phosphiite, POG PPM lec. \caees saat = 
ChiomdexnCl DON keer :tec cs Hee Soe 
° Nitrate, ‘NO, ppm. Wau toe ont 
Dissolved silica, SiOz, ppm. Se ehetr 
ibaa, AN, opr ies bs wont ees eet ae 
Sodium, Na, DPN. 4 ask Ea eee we asics 8 
Potassitem, Uhs OPW. . peters /sPenprese oe Metals oo 59 
OF ESIC es sohis beso csee de are Gukisarte aes ae 
Total dissolved solids, ppm............... 
C/OH NG. 5 as xcatecasarsiecrietens tial says irie sett aes 
RY NA, DPW ss nak see ee meh hoa 56 
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Following the introduction of the chlorides, the iron content 
of the deposits gradually decreased over a period of several 
months, and the boiler deposits had either a gray or a copper 
color. The amount of copper found in the sludge was in pro- 
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TABLE 10 BOILER-WATER ANALYSIS AT TIME OF SLIGHT 
SLUDGE DEPOSIT 

DET valversn jtiereee oe cn che tn ee ae Sp de ah Pathe 11.0 

A reading epMmidcls inset hate Genta votes 2.0 

B reading Opi | iss aay. teas np Oe ge is 0.8 

Sulphate; 801, pou bak eh oR 249 

Sulphite, SOs, ppm....... iu oe eR sone 1 

Phosphate, PO., ppm. ; $s Pact aoe 127 

Chloride, Cl, ppm. sites Arie 3 193 

Dissolved silica, SiOs, p ppm a ee ! 7 

Sodium, Na, ppm....... » Fett mE. : 8 

Potassium, Kk, ppm. ae yee ete : 581 

Total solids. . ser She 1260 

Cl1/OH, epm...... wc Tbh « pg fla teed ey 6.7/1 

CANE COD os0! svat) sinis o canesiones a ; be 42.5/1 
portion to the amount of ammonia in the feedwater. Adherent 


deposits were not formed and most of the loose material was re- 
moved when a boiler was drained so that it was not necessary to 
clean the tubes in the generating section during each boiler out- 
age. 

A typical boiler-water analysis made during this period is given 
in Table 10. 

Potassium Sulphite Discontinued. Potassium sulphite treat- 
ment was discontinued in September, 1943, as the small amount 
of oxygen in the feedwater should normally affect only the econo- 
mizers and they were protected by the recirculation of boiler 
water. Any oxygen that might enter the boiler drum is rapidly 
liberated and expelled with the steam. To date, with 14 months’ 
operating experience, there have been no noticeable effects from 
the discontinuance of the sulphite treatment. 


O1t CONTAMINATION 


During the first 4 months of 1944, heavy sludge deposits were 
found in the boilers and there were several boiler outages due to 
tube failures. The reason for this trouble was severe contamina- 
tion from evaporator carry-over, and the presence of a lead-com- 
pounded oil in the feedwater. The total amount of oil in the 
boiler water amounted to 15 to 20 ppm by ether extraction. The 
amount of lead in the deposits was rarely more than a trace, but 
the lead plus the oil were sufficient to cause the sludge to adhere 
to the interior surfaces of the boiler where it first came in con- 
tact with large heat input. The presence of this sludge started 
the cycle for concentrating the boiler water and the formation 
of potassium-aluminum-silicate scale. This period was the 
only time sludge deposits on the vertical surfaces of the boiler 
caused tube failures. The analyses of the sludge layer and the 
hard scale under the sludge that was removed from a tube that 
failed in the primary furnace wall are given in Table 11. The 


, 
TABLE 11 DEPOSITS REMOVED FROM FURNACE-WALL TUBE 
AT TIME OF OIL CONTAMINATION 


Loose deposit, Hard scale, 


per cent per cent 
Phosphorus pentoxide, P2Os............. 10-15 3.2 
Sili¢a: SiO ee ee ee oe cr 19.3 
Tron.oxide Beak ic chenpices oat & eer s 22.0 46.4 
Aluminum dxide, AlsOs..0..... 20005 06 vias 11.4 
Calcium oxide, CaOis.s\.ceiikiiseen «ats 3.4 
Magnesium oxide, MgO................- re 1.9 
Sodium oxide, Na2O............... 4h 0.2 
Copper, Cu... Pe 52.6 2.4 
Potassium oxide, 20. fon iniia ns Sees Be — 8.6 
Leal iid eile: fia: Ad Ja PSA es Res et 0.005 Fe 
OTD Pe Brand osx nes x ae treet Cale ; Present Present 
Net ‘ignition loss \.ietes,. ticcn.- ee eee tee et 2.3 


TABLE 12 BOILER-WATER ANALYSES DURING AND AFTER 
CORRECTION OF CONTAMINATION 


BaMplo dase. .4.<'sie-owew ys ilhe 1/10/44 3/7/44 5/8/44 6/5/44 
DECC US comcast. eee 11.3 11.8 11.5 11.3 
A residing, pms ss. cw sein 3.9 6.5 4.2 5.4 
B reading, epm........... ee 1.9 4.0 3.1 3.1 
Sulphate, SOs, ppm............ 266 89 151 163 
Phosphate, POs, ppm........... 224 254 119 216 
Chionde, Cl) pon... sees vs 255 191 167 251 
Sodium, Na, ppm. wstaet <n 210 90 20 10 
Potassium, Kk, ppm.. hte atone 470 600 530 780 
Dissolved silica, ee ppm. ne 6 12 18 13 
Total solids. ets) et OGU 88 1274 1692, 
K/Na, epm. ae 3 1.3/1 3.95/1 15.1/1 45.0/1 
GCL/OHsepm yl aihbok sn ounee 3.8/1 1.35/1 1.5/1 2.3/1 
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boilers were acid-cleaned with hydrochloric acid which caused 
the potassium aluminum silicate to disintegrate and be removed 
by flushing with water. 

Table 12 gives a series of boiler-water analyses which were 
made in January, March, May, and June, 1944. These analyses 
show that during the period of severe contamination the potas- 
sium-sodium ratio was 1.3 to 1 and in the last analysis the ratio 
was 45 to 1. 


MAaGNeEsruM-PHOSPHATE SLUDGE 


Magnesium phosphate was always present in the sludge ac- 
cumulations and seemed to be the agent that caused the sludge to 
form into gummy adherent masses. To prevent the precipitation 
of magnesium phosphate, potassium silicate, when needed, is 
added to the boiler to maintain the silica at 1 to 1.5 per cent of 
the boiler-water solids. Also, the phosphate which had been 10 
to 15 per cent of the boiler-water solids was reduced so that the 
maximum now carried is 5 per cent. 

The maintenance of these concentrations should permit the 
precipitation of the magnesium as a silicate which can be easily 
removed from the boilers and not serve as a bond to hold the 
other deposits. This practice has been in effect about 8 weeks, 
and boiler inspections indicate favorable results, but sufficient 
time has not elapsed to allow a definite statement to be made. 


CONCLUSIONS ON BOILER CONDITIONS 


When using potassium salts for boiler-water treatment all 
TABLE 13 TURBINE-BLADE DEPOSITS 
Temperature, 
Impulse Sodium treatment deg F Potassium treatment 
Ist row Sodium and magnesium- 700 Potassium chloride and 
chloride phosphate,  sul- sulphate 
phate, some silica 
2nd row Sodium and magnesium- Potassium chloride, phos- 
chloride phosphate and sul- phate, and sulphate 
phate, some silica, quartz? 
Reaction 
Ist row Magneticironoxide,sodium 635 Potassium chloride, sul- 
silicate, phosphate* phate, some silica? 
2ndrow Same as lst rowa Ferric oxide, potassium 
chloride, sulphate, silica 
3rd row Ferric oxide, sodium sili- Potassium chloride, sul- 
cate® phate, silica 
4th row Same as 3rd row? Potassium chloride and 
sulphate, potassium tetra- 
silicate? 
5th row Quartz, sodium disilicate, Potassium chloride, potas- 
magnetic iron oxide sium tetrasilicate, ferric 
oxide 
6th row “Quartz, sodium phosphate?) 9 5 0) eee ttn.e 
7th row Quartz, trace of chloride Potassium tetrasilicate, po- 
and sulphate tassium chloride, ferric 
oxide® 
8th row Quartz, trace sodium salts® 460 Potassium tetrasilicate, po- 
tassium chloride, ferric 
oxide 
Sth: row © .Quartz, trace sodium salte?. = odes eee 
10th row Quartz, trace phosphate, Potassium tetrasilicate, 
and magnesium amorphous ssilica, trace 
sulphate, chloride, ferric 
oxide 
11th row Quartz, and amorphous Satatevetein tees ce 
silica? 
12th row Amorphous silica, some Quartz, potassium chlo- 
quartz ride 
Tsthirow.s “Amorphous silicaS | Yi) eee rat, cua 
14th row Amorphous silica Amorphous silica, ferric 
oxide, potassium salts 
15th row Amorphous silica Amorphous silica, ferric 
oxide, trace potassium 
salts 
16th row Amorphous silica® 235 Amorphous silica, ferric 
oxide, potassium salts 
Uitherow AMOrpnoOus/BIUIGASc0) |) ec Spe Nie U.S one 
TSth row MM Amorphousipilicd ye V smut ieee AMES. tee ATONE ET 2 
19th row Amorphous silica, magnetic Amorphous silica, potas- 
iron oxide sium salts, ferric oxide 
20th row Amorphous silica, magnetic 134 Amorphous silica, potas- 
iron oxide sium salts 
2istiirow) Amorphous silica, dnd mag=" 9) 9) 1) Vege... ed. 
netic iron oxide® 
22nd row Magnetic iron oxide® 
23rd row Magnetic iron oxide 
24th row Magnetic iron oxide? 


@ X ray as well as microscopic analyses of deposit. 
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surfaces where sludge does not accumulate are clean. With 
sodium treatment, a film of silica scale was often present. Po- 


tassium silicate will not deposit as a scale but potassium-alumi- 
num silicate and potassium-iron silicate will form under sludge 
deposits where the boiler water can concentrate. The indica~ 
tions are that the amount of scale is not as heavy with potassium 
as with sodium, and also that the potassium scales will dis- 
integrate in hydrochloric acid. When the epm ratio of potas- 
sium to sodium is less than 8 to 1, the condition of the interior 
boiler surfaces are similar to those found when using sodium 
treatment. 


TURBINE-BLADE Deposits 


The normal carry-over in the steam from the high-pressure 
boilers at Springdale is about 0.3 ppm. Under these conditions 
high-pressure-turbine-blade deposits do not exist. When the 
carry-over is higher than this, some water-soluble deposits ac- 
cumulate on the turbine blades. In the low-pressure turbines, 
silica deposits cause a loss in capacity and efficiency of the tur- 
bines. When using sodium treatment, these deposits had to be 
cleaned off by sandblasting or other similar means. Caustic 
washing was never tried, but water washing would restore ap- 
proximately 30 per cent of the lost capacity. A recent water 
washing of a turbine, on which blade deposits had accumulated 
since using potassium treatment, restored 90 per cent of the lost 
capacity. Water-washing of another turbine on which blade 
deposit accumulated during the same interval of time failed to 
restore any appreciable amount of the lost capacity. Further 
studies and more washings will have to be made before any defi- 
nite statements can be made on this subject. 

A tabulation of the deposits found on the turbine blades with 
both sodium and potassium treatments is given in Table 13. 


Discussion 


Tuomas Firynecan.' The Oswego Station of the Central 
New York Power Corporation has two 80,000-kw condensing 
turbines, each with its own boiler delivering 900,000 lb of steam 
per hr at 1250 psi and 900 F at the turbine inlet. The Huntley 
station of the Buffalo Niagara Electric Corporation has a single 
high-pressure unit resembling those at Oswego, except that the 
Huntley boiler is an open-pass boiler while those at Oswego are 
the radiant type. All three turbines are 17-stage machines 
with extraction points after the Ist, 3rd, 6th, 9th, 12th, and 14th 
stages. 

Potassium treatment was substituted for sodium treatment at 
Huntley in August, 19438, following a scheduled shutdown of the 
boiler for inspection and maintenance. At the same time, chlo- 
ride was added to the boiler water in order to establish the ratio of 
chloride to alkalinity which had been recommended as a, possible 
preventive of the formation of magnetic-oxide deposits. During 
the shutdown the Huntley boiler was acid-cleaned. 

When the turbine was first started following the shutdown, 
some trouble with sticking valves was noticed and, when a few 
days later it was brought up to speed and put on the line, several 
control valves and the turbine stop valve stuck, necessitating an 
immediate shutdown of the unit. A heavy soluble deposit had 
formed on the first few stages of the turbine. This deposit was 
primarily chloride. The turbine was washed with wet steam 
and put back in service with the boiler under sodium treatment. 

After 4 months’ operation under sodium treatment during 
which a slight increase in stage pressure occurred, it was decided 
to try potassium treatment again with the hope that it might 


5 Buffalo Niagara Electric Corporation, Buffalo, N. Y. Mem. 
A.S.M.E. 
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prevent the deposition of silica in the turbine. This was done 
without a repetition of the rapid fouling of the machine which 
had oceurred when potassium treatment was first used. 

During the 10 months in which potassium treatment has now 
been used, the turbine first-stage pressure has increased more 
rapidly than when sodium treatment was used, indicating a depo- 
sition of material in the turbine. The deposit is soluble and 
can be removed by washing with wet steam. This is done about 
once a month at which time the first-stage pressure increases 
about 5 per cent since the last washing. 

The condensed steam has a conductivity of about 1 micromho. 
The conductivity drops to about 0.7 micromho when the steam 
is degassed with a Straub degasifier. This indicates that the 
solid content of the steam is of the order of 0.5 ppm or less. 

At Oswego, potassium treatment was started in one boiler in 
April, 1944, and in the other in June, 1944, following the annual 
shutdown of these units. During the 2 years on sodium treat- 
ment since the previous overhaul of the turbines, the pressure for 
four highest extraction points had increased an average of 7 per 
cent for No. 1 unit and 4 per cent for No. 2 unit. During the 7 
months that potassium treatment has been used in No. 1 unit, 
these pressures have shown little or no increase; but during the 5 
months it has been used in No. 2 unit, they have increased about 
the same as in the previous 2 years under sodium treatment. 

The purity of the steam from both boilers is about the same as 
at Huntley. About 3 months after starting operation with 
potassium treatment, leaks were found at the locations where 
two of the tubes were rolled into the upper drum in No. 1 boiler. 
These joints were rerolled and no additional leaks were found in 
this boiler. 

A few weeks after starting potassium treatment in No. 2 unit, 
thirteen leaks of this type were found, and during the following 
2 months a total of forty-three such leaks occurred. There 
are 167 tubes entering the upper drum. The entire number 
of tubes were rerolled and no further leaks have occurred. 

Hideout had always been present in these boilers under sodium 
treatment, especially in No. 2 boiler at Oswego. Since starting 
potassium treatment, hideout has been practically eliminated. 

While there has been an increase in the rate of deposit of 
soluble material in the front end of the turbine, it is not as yet 
known whether there has been any change in the rate of depo- 
sition of the insoluble silica which has been found at about the 
9th stage. 

It has not been established that potassium treatment is re- 
sponsible for the soluble deposits. Another modification of the 
water-conditioning process was made at the same time that po- 
tassium treatment was started, namely, the addition of chloride 
to establish the chloride ratio. Some time prior to starting po- 
tassium treatment, but nevertheless recent enough to make it a 
factor to be considered, was the discontinuance of sulphite 
treatment. The boiler-water solids, which at one time had been 
several hundred ppm, are now at about 100 to 200 ppm. 

A study of the complete problem is now in progress in which 
all these factors will be investigated. 


E. B. Powrtu.® Dr. Hall’s 1943 paper,*? presenting a record 
from preliminary results of great promise at Springdale Station 
dealt basically with laboratory data from the literature and with 


® Consulting Engineer, Stone & Webster Engineering Corpora- 
tion, Boston, Mass. Mem. A.S.M.E. 

7 This is a discussion also of the following papers, presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944: ‘“‘Experi- 
ence With Potassium Treatment at Windsor Station,” by W. L. 
Webb; “Experience With Sodium and Potassium Chemicals for 
Boiler-Water Conditioning at Montaup Electric,” by G. U. Parks; 
and “Embrittlement Cracking in Waters Containing Potassium 
Salts,”’ by A. A. Berk and N. E. Rogers. 


TRANSACTIONS OF THE A\S.M.E. 


JULY, 1945 
theoretical considerations in support of his ‘“‘new approach to the 
problem of conditioning water for steam gengration.” It is 
fortunate to have at such early date these summaries of operat- 
ing experiences under the widely different conditions of the 
three separate high-pressure boiler plants, and also to have the 
Bureau of Mines test results on the embrittling characteristics 
of compounds associated with potassium treatment. 

None of the authors from the power field considers his ex- 
perience with potassium chemicals to have covered sufficient 
time or scope for derivation of really comprehensive conclusions 
but each is able to record evidence of definitely favorable trend 
within his observations. More specifically, under certain cir- 
cumstances potassium treatment has proved capable of giving a 
less obstructed heating surface in the boilers under discussion 
than so far obtainable with the usual sodium treatment under 
the same circumstances. It would appear that appropriate 
predominance of potassium over sodium salts in the boiler waters 
of the three high-pressure plants, together with appropriate con- 
ditions of boiler-water alkalinity, has given properties of less 
tendency to adherence, or greater fluidity, in precipitated solids 
and, particularly in the Montaup Electric plant, greater solu- 
bility in the simple 2-ion potassium compounds, hydroxides, 
phosphates, and sulphates. On the other hand, the control of 
silica reactions seems rather uncertain and the experience would 
also indicate that, under some circumstances at least, the de- 
sirable properties of high solubility in the simpler potassium 
compounds and lower tendency to adherence on boiler surfaces 
in the precipitated solids may have quite equal sensitivity to 
alkalinity control as encountered with sodium treatment. 

Obviously, there is altogether too little known of the properties 
of silica in the combinations encountered and formed in boiler 

yaters. Under the conditions recorded by the present papers, 
silicate scale has occurred with potassium treatment where the 
overlying deposit is of character to impose sufficient interference 
in transfer of heat from the tube surface or transfer of water to 
the tube surface. Possibly, the ratios of potassium to sodium, 
or the concentrations of potassium, were not sufficiently high 
for the desired control. The potassium-sodium ratios for most 
favorable boiler-water conditioning may be governed to some 
degree by the nature and proportions of solids in the boiler water 
and may also bear some relation to the temperature of water and 
heat-transferring surfaces within the boiler. 

The possibilities of potassium treatment seem very real and 
the limitations equally real, both needing further exploration. 

Messrs. Berk and Rogers refer to the use of nitrate as offering 
promise of successfully inhibiting tendency to boiler-plate em- 
brittlement, which apparently is to be expected from potassium 
hydroxide in the presence of silicate to about the same degree 
as from sodium hydroxide under like conditions. The following 
two sentences quoted from the paper would seem, however, 
somewhat disconcerting to the prospective user of nitrate: 

“Nitrate tends to react with the metal of the autoclave and 
piping under the conditions of the test.’’ 

“Nitrate, although comparatively inert in dilute alkaline 
solution (boiler water), appears to react rapidly with metal 
and metal-oxide surfaces in concentrated caustic solutions.”’ 

These sentences might readily be interpreted as a warning that, 
if the fabrication of the pressure vessel has left a seam or other 
crevice in which concentration of alkaline boiler water might 
take place to the degree necessary for embrittling attack, ni- 
trate in the water in the nitrate-to-hydroxide ratio used in the 
Bureau of Mines research reported would cause serious corrosion 
on the metal walls of the crevice. I believe that it would be 
helpful if the authors presented such pertinent detail of their 
observations as may be available, to make clear particularly 
whether the nitrate reaction with the steel is actually of the 
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continuously progressive type such as would result ultimately in 
serious loss of metal or, on the contrary, is rapidly checked 
and causes no practical damage. 


J.D. Yoprr.’ This paper describing results obtained in more 
than 2 years’ treatment of boiler water at Springdale is an im- 
portant contribution to the recent knowledge on the subject of 
boiler-feedwater treatment. It gives a practical measure of this 
treatment, the theory of which has been so ably presented by 
Dr. Hall.* It is a subject in which all engineers concerned with 
efficient operation of boilers are much interested. 

The paper is helpful because it reports not only on data to 
substantiate the value of the method, but it outlines the troubles 
encountered with its use. The value of the paper is increased 
because it reports many typical analyses of water and scale which 
will be helpful to other engineers and chemists interested in simi- 
lar problems. In this respect, it would have been helpful if there 
had been more consistency in the method of reporting the analyses 
of the boiler water. The alkalinities and ratios of potassium to 
sodium are reported in epm, while the solids in solution are gen- 
erally reported in ppm. Again, the alkalinities are reported in 
the colloquial expressions of ‘‘A”’ and “B” readings which might 
suggest different values to different people. Since some of the 
analyses are reported in their equivalents, it would have been 
helpful if all of the ions had been reported in their equivalents 
possibly in terms equivalent to calcium carbonate, which terms 
are frequently used and well understood by the engineering 
fraternity. 

The analyses of boiler water do not show any carbonate ions, 
but it seems evident from the character of the make-up water 
that some carbonates were present. A knowledge of the quan- 
tity of carbonates present might be of value. 

Their experience in operating with low alkalinities is not in 
agreement with Purcell andWhirl,? who reported that both scale 
and embrittlement could be prevented with no hydroxide al- 
kalinity other than that given by trisodium phosphate. The 
authors found it necessary to maintain a substantial hydroxide 
alkalinity in excess of that, produced by trisodium phosphate. 

This paper indicates that the prevention of silica scale remains 
related to boiler design. Even with the sodium-phosphate treat- 
ment, silica scale did not form in all of the tubes but was found 
only in the horizontal tubes where the circulation was sluggish. 
Unfortunately, from the standpoint of determining the value of 
the potassium treatment, some corrections were made in circula- 
tion during the time of the test. This raises the question of how 
much the improved results were due to improvement of circula- 
tion and how much to potassium treatment. The authors 
finally conclude that “potassium iron silicate will form under 
sludge deposits when the water concentrates.’’ This means 
when the circulation is not good. 

One is impressed with the high solids in the boiler water con- 
sidering that the feed comes from surface condensers with evapo- 
rators for make-up. The solids would not need to be greater if 
the make-up water were softened and not evaporated. This 
possibility is further emphasized because the authors observed 
improvement when adding chlorides to the water. A similar 
result might often be obtained if the make-up water were soft- 
ened by Zeo-Karb-H which is a zeolite treatment operated on the 
hydrogen cycle. This removes the sodium, calcium, and mag- 
nesium from the water, but leaves the chlorides and sulphates to 
give a slight acidity proportional to the chlorides and sulphates 


8 Manager of Boiler Feedwater Division, The Permutit Company, 
New York, N. Y. Mem. A.S.M.E. 

°“Wmbrittlement of Boiler Steel—Experiences With the Schroeder 
Detector,” by T. E. Pureell and S. F. Whirl, Trans. A.S.M.E., vol. 
64, 1942, pp. 397-402. 


present. This acidity may then be neutralized with potassium 
hydroxide to give the desirable potassium chloride in the feed- 
water. Such treatment might avoid the need for evaporators 
and make available a simple and more desirable hookup from the 
standpoint of the feedwater-heating cycle. 


AUTHORS’ CLOSURE 


We are in agreement with both Mr. Finnegan’s and Mr. 
Powell’s position that both time and scope of observation are still 
too limited to permit comprehensive conclusions regarding potas- 
sium treatment. Following the suggestion in Mr. Yoder’s dis- 
cussion, we have added a footnote to Table 3 defining A and B 
readings as used. As noted by Mr. Yoder, our alkalinities are 
higher than those of the Purcell-Whirl co-ordinated phosphate 
control curve. However, it is our experience that if sludge 
tends to be a problem, higher alkalinities than those of this 
control curve are essential to keep the sludge in suspension. 
Mr. Yoder’s reasoning regarding use of Zeo-Karb-H in prepara- 
tion of make-up waters seems sound. 

Definitely, as pointed out by Mr. Parks in his discussion, 
potassium treatment is effective in minimizing hide-out of boiler- 
water salts, particularly the sulphates and phosphates. This is 
in accord with the fact that potassium sulphate is slightly more 
soluble than sodium sulphate at higher pressures and tempera- 
tures, and potassium phosphate is tremendously more soluble 
than sodium phosphate, steadily increasing in solution with in- 
creasing temperature as pointed out by Kaufman. 

Where high concentration of boiler water occurs, as in the 
concentrating film boiler water under sludge, potassium alumi- 
num silicate forms, but is far more friable and easily removed than 
the sodium aluminum silicate forming under similar conditions. 
Presumably, this means that the potassium aluminum silicate is 
more soluble than sodium aluminum silicate, and the fact of its 
ready decomposition by hydrochloric acid further affirms this as- 
sumption, since sodium aluminum silicate is very difficult to de- 
compose. The significance of this last fact is that acid-washing 
of the boiler should be much easier with potassium-aluminum- 
silicate deposits than with those of sodium aluminum silicate. 

In his paper!! Professor Straub has shown that silica (SiOz) is 
carried to the steam by volatilization of the silica in the boiler 
water. This seems reasonable by analogy to known facts. 
Thus carbon dioxide is vaporized into the steam as follows 


Nae2CO; + HO + Heat = 2NaOH + CO, 


Again, sodium sulphite at higher temperatures undergoes auto- 
oxidation as follows 


4Na.SO; + Heat = 3Na2SO, + NaS 


The required temperature is supplied especially in regions of 
steam blanketing and concentrating-film boiler water, and conse- 
quently, any maintenance of sulphite in boilers having such char- 
acteristics is attended with uncertainty. Under these condi- 
tions, hydrogen sulphide is vaporized into the steam thus 


NaS = 2H,0 + Heat = 2NaOH + HLS 
By analogy, the vaporization of silica would be as follows 
Na SIO; + HO, + Heat = 2Na0H + SiO, 


Dr. Morey, !*however, has shown that the sodium oxide volatil- 


10 Discussion by C. E. Kaufman of paper by R. E. Hall,4 Trans. 
A.S.M.E., vol. 66, 1944, pp. 478-479. 

11 “Silica Deposition in Steam Turbines,”’ by F. G. Straub and 
H. A. Grabowski, published in this issue of the Transactions, pp. 
309-316. 

12 “Solubility of Solids in Water Vapor,” by G. W. Morey, Pro- 
ceedings of the American Society for Testing Materials, vol. 42, 1942, 
p. 987. 
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izes as well as the silica, and in considerable quantities at tem- 
peratures from 707 to 932 F, and at pressures ranging up to 16,500 
psia. The quantity vaporized increases more markedly with 
pressure than with temperature increase. 

As noted in Table 13 of the paper, identification of the turbine 
deposits by petrographic microscope and X ray shows that 
sodium silicate is deposited in the high-pressure stages, then 
sodium disilicate or potassium tetrasilicate at lower pressures, 
next quartz, and finally, amorphous silica. This process of 
silica enrichment in passage through the turbines has been dis- 


TRANSACTIONS OF THE A.S.M.E. 


JULY, 1945 


cussed by Hall!’ and is in accord with the vaporization data of 
both Morey and Straub. Apparently, an answer must be awaited 
to the question of whether the sodium or potassium chloride, 
sulphate, and phosphate, also iron oxide, are carried to the tur- 
bine in vapor form, or as customary mechanical carry-over. 
In the latter case, of course, at least some of the silica or silicate 
found in the turbine is similarly derived. 


13 *4 New Approach to the Problem of Conditioning Water for 
Steam Generation,” by R. E. Hall, Trans. A.S.M.E., vol. 66, 1944, 
footnote p. 470. 


Experience With Potassium Treatment 
at Windsor Station 


By W. L. WEBB,! NEW YORK, N. Y. 


Under conventional sodium treatment and with hard- 
ness, alumina and silica in quantity entering the cycle 
through condenser leakage, wall-tube losses in two 1350- 
psi boilers were extensive. Upon establishment of potas- 
sium treatment in these boilers under the then controlled 
equilibria, tube losses continued. A direct comparison 
of sodium versus potassium treatments was started in 
these boilers after solvent-cleaning them. This test has 
been under way only 7 months during which no wall-tube 
failures have occurred. 


proach to the problem of boiler-water conditioning has 

been employed experimentally at the Windsor Station of 
the Beech Bottom Power Company in an effort to prevent boiler- 
tube losses which had occurred previously under conventional 
sodium treatment. 

About 1 year after starting the new treatment in two boilers 
whose wall-tube surfaces were not free of analcite scale layed 
down previously under sodium treatment, extensive tube losses 
again occurred. These boilers which receive the same feedwater 
were then chemically cleaned, and one was put on potassium 
treatment and the other on sodium treatment. This latter test 
has been under way only 7 months and no wall tube has failed. 
As a result, only tentative conclusions can be drawn from this 
latter comparison. However, the presentation of the data from 
both tests may help to broaden the knowledge of the merits and 
limitations of a treatment which is now receiving widespread 
attention. 


ered stot treatment developed by Hall? as a new ap- 


Soptum TREATMENT 


From the initial operation in late 1941, until April, 1948, boilers 
82 and 84 at Windsor Station were operated on conventional 
sodium treatment under supervision of the Hall Laboratories. 
These boilers are similar in design, both being rated 750,000 lb 
per hr, 1350 psi, and 925 F steam temperature. They are 3- 
drum, bent-tube, tangentially fired, wet-bottom boilers which, 
along with two other boilers of the same rating, supply steam to 
two 60,000-kw topping turbines exhausting to six 30,000-kw 
230-psi 550 F condensing units. 

Because of high condenser leakage which only can be elimi- 
nated by steps which will require outages longer than can be 
afforded, considerable Ohio River water enters the cycle, carrying 
with it hardness and, during turbid river conditions, large quan- 
tities of silica and alumina, Suspended matter as high as 4000 
ppm has been observed, its composition averaging about 23 
per cent SiOz, 42 per cent Al,O;, 23 per cent Fe20s3, and 10 per cent 


1 Engineering Department, American Gas and Electric Service 
Corporation. 

2A New Approach to the Problem of Conditioning Water for 
Steam Generation,” by R. E. Hall, Trans. A.S.M.E., vol. 66, 1944, 
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organic matter. Condenser leakage is greatest at times of most 
rapid change in river-water temperature, and, occasionally, 
highest leakage and maximum suspended matter occur simul- 
taneously. Under these conditions, it was and is difficult or 
impracticable to maintain the silica in the boiler waters at a low 
value by blowdown and to hold concentrations of treating 
chemicals at the desired values. 

During the 16-month period of initial operation of the boilers, 
furnace-wall-tube wastage developed to a serious degree. In the 
wastage zones many tubes blistered and a number developed 
leaks in longitudinal cracks usually located in slight bulges. The 
removal of tube specimens revealed thin hard deposits of analcite 
scale which turbining failed to remove. Sludge deposits were 
extremely heavy on steam-scrubber and downcomer surfaces 
and only slightly less so in riser tubes. 

Starting early in 1942, at the time of highest condenser leakage 
under turbid river conditions, water-insoluble deposits occurred 
in the 30,000-kw low-pressure turbines at such a rate as to cause 
capacity losses of 3000 kw per unit in 4 to 6 months. These 
units were periodically caustic-washed,* restoring outputs and 
stage differential pressures to normal. 

The foregoing operating difficulties, namely, boiler sludge and 
analcite-scale deposits and water-insoluble turbine deposits, were 
problems which potassium treatment appeared to be designed 
to solve. As a result, early in April, 1943, potassium treatment 
was started in boilers 82 and 84. This was done even though 
fundamental data were not available and, in so far as the author 
knows, are not available, to show the advantages of potassium 
over sodium in the prevention of aluminum-silica complex scales. 


Porassium TREATMENT IN BorLers 82 anp 84 


When the decision was made to use potassium treatment in 
the two boilers, it was recognized that the fire sides of wall-tube 
internal surfaces were not free of hard scale even though these 
tubes had been cleaned with turbine-driven cutters. The jobs 
put to potassium, therefore, were to remove old scale as well as 
to prevent new scale and sludge deposits from forming and, 
in so far as possible, to prevent capacity losses resulting from 
turbine deposits. That this proved to be more than potassium 
treatment could accomplish was shown by the following wall- 
tube damage: 


Boiler 82: 


May 3, 1948—2 tube leaks in longitudinal cracks in furnace- 
wastage areas 

Oct. 9, 1943—1 leaking tube and 6 bulges 

March 29, 1944—1 leaking tube 


Boiler 84: 


March 1, 1944—7 leaks and 9 bulges 

March 20, 1944—9 leaks and many bulges in wall tubes requiring 
welding-in 19 newtube sections, 7 window welds, and numerous 
surface welds 


Periodic inspections of boiler-drum surfaces and internals, and 
the visible portions of tubes and headers indicated somewhat 
reduced sludge deposits from those experienced under sodium 


3‘*Removal of Water-Insoluble Turbine Deposits by Caustic 
Washing,’ by W. L. Webb and R. G. Call, Trans. A.S.M.E., vol. 65, 
1943, pp. 713-717. 
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treatment, but the relative amount of sludge appeared to be 
affected more by the extent and character of condenser leakage 
than by the type of treatment. Turbine deposits continued at 
rates substantially the same as before. 

The tube losses in March, 1944, followed a period of high con- 
denser leakage and river turbidity such as to make proper coagu- 
lation of the raw water impossible, resulting in extremely poor 
evaporator vapor quality. The extent of these tube failures made 
it imperative that remedial steps be taken immediately. The 
first step called for was to remove the hard scale from the boilers 
by means of suitable solvents. The next was to limit condenser 
leakage in so far as possible. This was done by the installation 
of wood-slat bracing to reduce tube-cracking at the tube sheets. 
The third step was to improve the raw-water treating facilities. 
Finally, a decision had to be made as to whether to return to 
sodium treatment which had already demonstrated its inability 
to prevent analcite scale, making necessary periodic use of solvent 
cleaning methods, or to continue with potassium treatment for 
determining its merits when used on a clean boiler. 

Barly in April, both of the boilers were cleaned under Dowell 
supervision using a solvent consisting of 10 per cent hydrochloric 
acid, 5 per cent ammonium bifluoride, and Dowell’s inhibitors 
and wetting agents. Following the cleaning operation, repre- 
sentative tube specimens indicated satisfactory removal of de- 
posits from one boiler but complete removal had not occurred 
in the other. The remaining scale, however, had been loosened 
by the solvent and was removed by means of turbine cutters. 

The middle course was chosen with respect to treatment, 
boiler 82 being put on sodium treatment and boiler 84 on potas- 
sium treatment. As the boilers are similar in design, are nor- 
mally loaded substantially equally, and both receive the same 
feedwater, they present as nearly an ideal situation as possible 
for direct comparison of the two methods of treatment under 
conditions in which considerable alumina enters the cycle. 


COMPARISON OF Na AND K TREATMENTS 


After cleaning the boilers involved, a comparison of treatments 
was started in mid-April, 1944. Since that time, internal inspec- 
tions and removal of tube specimens for examination occurred 
in June and October. During this entire operating period up to 
and including October, 1944, condenser leakage has been rela- 
tively low and river conditions abnormally good. The real 
merits of the two treatments, therefore, have not been put to 
the crucial test. Fortunately, no wall-tube losses have occurred. 

Critical examination of tube specimens from both boilers 
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showed no hard scale deposits. At the October shutdown, sludge 
deposits in the potassium-treated No. 84 boiler on scrubber hoods 
and downcomer tubes were substantially nil and deposits on 
wall-tube specimens examined were entirely absent. A con- 
siderable quantity of sludge, however, had accumulated in the 
bottom of the scrubber drum and lower drum. 

The scrubber hoods and visible portions of the downcomer 
tubes of the sodium-treated No. 82 boiler were coated with sludge 
having an average thickness of !/s in. and a maximum thickness 
on some areas of 3/s in. The riser-tube specimens showed coat- 
ings of less than !/g in. It appeared that, roughly, the same 
amount of sludge had accumulated in each boiler, but in the 
potassium-treated boiler it was very much less adherent. 


BoiLeR-WaTER CONDITIONS 


In Table 1 are indicated the average boiler-water conditions 
maintained initially under sodium treatment (column 1), when 
the two boilers were on potassium treatment (columns 2 and 3), 
and under the present comparison of sodium and potassium 
(columns 4 and 5). 

It will be noted in comparing the present control of potassium 
treatment to that formerly used (columns 3 and 5 of Table 1) 
chlorides are higher and phosphate values are lower than pre- 
viously. The present conditions requested by Hall Laboratories 
and the indicated reasons therefore are as follows: 

Condition A—K/Na (epm)—3 or greater to permit operating 

mainly under potassium equilibria 

Condition B—SiO:/OH (epm)—0.5 or less to assist in keeping 

silica in a soluble form in the boiler and turbine } 

Condition C—Cl/OH (epm)—Preferably 10 or at least 5 to limit 

the concentration of caustic in areas where film-boiling occurs 
to reduce the production of iron oxide in the boiler 

Condition D—POs; (ppm)—10 to 30 or not higher than 40 favoring 

the precipitation of magnesium as the silicate rather than the 
phosphate. 


As shown by column 5 of Table 1, water control was such that 
condition B only was rigidly met. Conditions A and D were 
only partially met, and condition C was seldom met. The 
problem would be much simpler in the absence of condenser 
leakage, but as long as it exists to the extent it does, it is desirable 
to maintain sufficient soluble phosphate in the boiler water to 
precipitate all incoming calcium hardness as sludge and so to 
control treatments and blowdown to limit boiler-water total 
solids to about 800 ppm from the standpoint of steam quality. 

Putting conditions A to D, inclusive, in simpler terms calls for: 

1 A high feed of potassium chemicals, particularly chloride 


TABLE 1 AVERAGE BOILER-WATER ANALYSES AND TREATMENTS 
COLUMN NOs arene apacie ole eee ss isca tied adnate (1) (2) (3) (4) (5) 
Tronktinent’.<ci1..ccee ee ey es Sodium Potassium Sodium Potassium 
Bowler nose ccsta no erie soe ees aes 82 and 84 82 and 84 82 and 84 82 84 
POLLO cc widva meastetsralelenee a bein tots are . Start up to April,1943 April ’43 to April '44 to April ’44 to 
April °43 April '44 Novy. ’44 Nov. ’44 
Boiler-water conditions 
OF Gopi) etal bas M5 Se 15 5 to 15 15 10 to 30 10 to 30 
POP pw) a cays savior nate ees 40 25 to 50 40 25 to 50 20 to 40 
SOM (ppm) Shae actaeacea ereoee 150 50 to 150 150 50 to 150 30 to 100 
Clippm))2 21. Ae aera F 15 50 to 100 100 100 to 150 =: 100 to. 170 
NacSOs (gipm ia prin k «Gost Sttas ees 5 to 10 0 ) 0 0 
SiOz (ppm) . sags avin 10 7 to 40 8 5 to 10 5 to 10 
oh solids (ppm). 400 350 to 700 600 350 to 700 400 to 800 
10.8 10. ye 10.8 10.8 10.7 to 11.0 10.7 to 11:0 
cs Vou (epm). 0.5 3+ 3 2+ 3+ 
Si0O2/OH (epm).. Pyne Te ae an 0.4 0.5 to 2.0 0,5 Ov2 toi0eS 70. LD t60N6 
K/Na (epm).... Pirsig Serer ROC IES Yo 1 to 2 2 a aa 2to 5 
Average condenser leakage (per cent 
of féed water)! 5 ou ono. on erase 0.1 0.2 Or1 0.1 O.1 
Treating chemicals: 
(Average per million lb feedwater) 
NiO BAD), oe Chee ee aah 0.15 aM 0.15 nee 
ING in ALO) eA bcd Pee ane Sona ree mee 0.2 he 0.2 dee 
WNiaas Ola CLD) eae hor tttee Ghee: carer aiare a 0.2 a 0 Oe 
NaCl (ip) 43. reigns eats neta neaaees Ht fs 0.3 sek 
BOECID) ct nec ack aie bs whats eels 0.2 5 0 0.4 
jh OS Re Cen en age 0.3 0.5 0.7 
EERO g (Bee ee se Lee 0.3 a. Me. 
H3PQ,, 75 per cent (Ib)............ + 0.4 x 
KGP207 OD) isc.cccie gue eas 0.3 
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TABLE 2 TYPICAL BOILER DEPOSITS 

Golimott nore .cioek Oe ee oe ee (1) (2) (3) (4) (5) (6) (7) 
AEE Deel ao eo, 1a ago ruO Ren ters Coosa Om haan — Sodium Potassium, Sodium Potassium 
Penoden sae Start up to April ’43 April 43 to April '44 April to Oct.'’44 April to Oct. 44 
Boiler no 84 84 84 84 82 84 
Sampling date 4/2/43 5/18/42 11/30/43 11/20/43 3/1/44 10/17/44 10/12/44 
Deposit B= Sludge Scale Sludge Scale Scale Sludge Sludge 
SOULE Beales & penetra aan Fea Pen Scrubber Wall Wall Wall Wall Wall Drum 
Chemical analysis (per cent): 

Sulphur trioxide (SOs) .. Nil 1.4 Trace 0)..5, Nil 0.8 il 

Carbon dioxide (COz)........ Nil Nil Nil Nil Nil Nil Nil 

eee pentoxide tee »O5) 30 11.5 16.1 8.1 9/2 18.2 25 

Silica (SiOs)........ hd 0.3 24.2 1.6 14.1 17.6 0.9 <1 

Iron oxide (FesO,) . at | 15 24.8 21.4 12 36.1 30.5 31 

Iron oxide (Fe2O3) ee | ae Appreciable Considerable Considerable Considerable Present 

Aluminum oxide(AlO; Nil 9.0 1:3 4.0 9. Nil <a 

Calcium oxide (CaO). >40 8.2 14.1 5.6 8.0 17.6 25 

Magnesium oxide (MgO) CAP: Ses ; 7-8 3.3 5.9 4.4 4.1 (Gr? 8 

Sodium oxide (Nas)... 2 Tae ee ah Nil 14.5 2.9 6.2 1.8 N.D N.D. 

Rotana myOxIG Gl Gs) |. -.1ct ais eae ities ec eiais ae ue <0.5 <0.5 >3.3 0 1 

(Calg OM) sac sogemthin abe Rn wraietan Ad Bee oa Slight Nil 35.0 12.0 6.1 21.4 2 

As ignition loss (calculated). . 2.5.2.0 .4)J4254.- a 4.7 1.9 3.0 3.7 4.0 4 

GA Ted LAs, I IRE ANSI Sen Sie a Nil Nil : Nil 
>93 99.6 100.7 996 99.3 100.6 98 

Compounds shown by chemical, X-ray and petrographic analysis, per cent: 

Sodium. ‘sulphate, (NasSOuw es) oe Sieh. Ce ase ets 225, e ehh 

Hydroxyapatite, 3Cas(PO.)».C oe SC eee he Rane 5 ee 11.5 (a) (a) 14.4 

Sodiumsiphosphate, INasPOPe. ee Sete eet enn ee 14.0 } « 

Magnesium phosphate, Mgs(POs)2 DS coche 5 2 BREE ae oe ee 0.3 Br 

Serpentine iol gO) 21 Osea Elo) eee emer an sinew mee yee 720 ae 

Magnesium aluminate, MgAle O45. ie ong 

Magnesium aluminum silicate, MrAlsOs4SiOn she. ike ; ake ay 3.6 (b) 

Beaucite, Mell 4810s da cce kira gee ote cue tualecatere Haparnie ous es (a) (a) 15.3 

Analcite, NazAlO.. eee EE Seah passes tg ner ayia Mea na ea aah ns oat 38.9 (a) (a) 8.7 

A CYLON uel esOL ASIOs, Spey: Fem eee See oe ee ts Bie 36 (a) (a) 4.2 

MamuetiteWesOtn.c.. ca ep ricein epee ebe eaney ore 24.8 (a) (a) 34.8) 

Hematite; PesOstere. . F234 oi ee tatty Ses Pale 2 oe ee a (a) i eal 

Coppers Cw coats oe aa Lae ee Ra ee oh ee Er eats Nil (a) 6.1) 

Ignition loss (less ‘Combined water) ne anda ee 0.6 Pre 2.6} 


(a) Probably present but identity masked by presence of magnetite. 


(b) Microscopic analysis shows magnetite, copper oxide, and rod-shaped calcium phosphate. 


and sufficient blowdown to hold the sodium concentration at a 
low level. 

2 A high hydroxide-silica ratio from the standpoint of keeping 
silica soluble, but low hydroxide and phosphate values and a 
relatively high silica value to permit precipitating magnesium 
as the silicate rather than the phosphate or hydroxide. 

3 A low hydroxide-chloride ratio for reduction of iron oxide 
produced from the boiler metal. 

In other words, chloride must be higher than hydroxide, and 
hydroxide must be higher than silica,:-but silica must be enough 
higher than phosphate and hydroxide to satisfy magnesium. 

For the sake of discussion, let us assume a cycle having very 
low condenser leakage and evaporator carry-over with no low 
limit on boiler-water total solids. To assure magnesium being 
precipitated as silicate might require a soluble SiO, value of at 
least 15 ppm. To assure calcium being precipitated as phos- 
phate likely would require a soluble PO, value of 10 ppm. With 
these values fixed and meeting conditions B to D, inclusive, and 
at the same time being well on the potassium side with a K/Na 
(epm) ratio of 10:1, the boiler-water conditions would be ap- 
proximately as follows: 


SiOs" (ppm) cia? zie See eee rete S- 15 
POMP) ct hoe eis 10 
GEG pm) Bese coe Sone nee ate ze Alyy 
CM piers acc Greco meee ere ee 350 
Ki Natlepnieet 20 07 See ere 10:1 


The 10:1 K/Na ratio would permit the presence of about 25 
ppm of sodium. Such a limitation, particularly with sea-water 
condenser cooling, might require abnormally high blowdown. 
The total soluble solids in the boiler water under this condition 
would be approximately 900 ppm. 

The foregoing example is given to show the requirements of 
the relatively tight cycle and to indicate the difficulties of the 
plant chemist in attempting to maintain the desired boiler-water 
conditions during periods of high condenser leakage, while at the 
same time juggling blowdown and limiting total solids to give 
acceptable steam quality. 

It is not the intention of the author to discourage the pros- 


pective user of potassium treatment but rather to give a clearer 
conception of the requirements for boiler-water control. 


Borter Deposits 


In Table 2 are given the analyses of representative scale and 
sludge samples taken from boilers 82 and 84 under the various 
treatments. Sludges from the steam scrubbers and drums were 
sampled directly from the surfaces involved. Prior to 1944, it 
was common practice to obtain wall-tube deposits by collecting 
them in a cloth bag at the lower end of the tube while passing a 
turbine-driven cutter through the tube. That portion of the 
collected sample which passed a 20-mesh sieve was then termed 
“sludge,” and that retained on the sieve was termed “scale.” 
This procedure usually gives interpretable analyses, but the 
removal of tube specimens permitting direct sampling of sludge 
and scale is a preferable procedure and is the one now being 
followed wherever practicable. 

Column 1 of Table 2 indicates that the sludge under initial 
sodium treatment is mainly calcium and magnesium phosphate 
and iron oxide. This same condition exists today under sodium 
treatment (column 6), giving a sludge that is quite adherent. 
Deposits are less heavy on the riser tubes than on the steam 
scrubber and downcomer surfaces, but under conditions where 
large quantities of hardness enter the cycle the sludge accumula- 
tions during relatively short operating periods are unquestionably 
detrimental. The same situation exists under potassium treat- 
ment (column 7), but to a considerably lesser degree. Why this 
is so is not apparent. Magnesium is still precipitated as phos- 
phate rather than silicate. 

The scales under initial sodium treatment were predominantly 
analcite with additional complexes containing aluminum. The 
analysis given in column 2, Table 2, is of particular interest in 
that it indicates the presence of some of the least soluble boiler- 
water salts, namely, sodium sulphate and sodium phosphate. 
This suggests hide-out which has been observed on a number of 
occasions. No scales have been found during the present test of 
sodium treatment on boiler 82. 

During the April, 1943—April, 1944, period of operation of both 
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boilers on potassium treatment, several periods of high condenser 
leakage under turbid river conditions were experienced. Sludge 
deposits were heavy on scrubber and downcomer surfaces al- 
though somewhat less so than previously under sodium treat- 
ment. The quantity of deposit turbined from wall tubes in some 
cases ranged between 5 and 6 g per linear ft of tube. Although 
this was as high as previously observed under sodium treatment, 
the effects of the respective amounts of condenser leakage under 
the two treatments are not readily determinable. These sludges, 
of which the analysis in column 8, Table 2, is typical, were 
comparable to those prevailing under sodium treatment. 

The wall-tube scales under potassium treatment, columns 4 
and 5, are similar to those under sodium treatment in that they 
contain alumina and silica. However, now sodium is present 
in a lesser amount, and potassium and iron have entered the 
complexes. 

In attempting to interpret scale analyses during the April, 
1943-April, 1944, period, it must be kept in mind that potassium 
treatment was not started with the boiler heating surfaces clean. 
The effect of the old scale may have had a definite bearing on the 
character of deposits observed. 

MiscELLANEOUS 

In November, 1948, while boiler 82 was under potassium 
treatment, hydrogen measurements by means of a Cambridge 
hydrogen recorder were made in the saturated steam. Tests in 
which the OH and the Cl/OH values were varied gave the 
following average results: 


OH Cl Cl/OH Hz 
(ppm) (ppm) (epm) (ppm) 
13 26 1.00 0.0020 
45 26 0.28 0.0036 
45 155 1.67 0.0041 


With low chlorides an increase in caustic resulted in a slight 
increase in the hydrogen value. With the higher caustic value, 
an increase in chlorides (to give only a Cl/OH ratio in epm of 1.67, 
as compared to 5 or 10 as now suggested by Hall Laboratories) 
caused the hydrogen value to increase further. Inasmuch as the 
hydrogen is subject to some normal fluctuation, it is possible that 
such tests, if conducted over longer periods and at a greater 
Cl/OH value, would have shown the effect of high chlorides in 
retarding the production of iron oxide in the boiler as measured 
by hydrogen evolution. 

Early in June, 1944, oil in considerable quantity and definitely 
identified as turbine oil reached boilers 82 and 84 and one of the 
other high-pressure Windsor boilers. At one time boiler 82 satu- 
rated steam contained in excess of 100 ppm of oil, and 1/2 in. or 
more of oil appeared in the water columns of several boilers. 
The boiler-water alkalinities were promptly lowered and the 
affected boilers were given heavy and prolonged blowdown. 
Oil was detected in and removed from a number of surge tanks, 
with the result that it disappeared from the steam about 2 days 
later 
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The inspection of boilers 82 and 84 later in June showed 
substantially no indication of oil, but collected deposits showed 
some evidence of it. So far as is known the oil contamination 
caused no direct harm. It is perhaps fortunate that this condi- 
tion occurred at a time when tube losses were not being ex- 
perienced as it might have obscured the real causes of the failures, 

At no time under potassium treatment has there been diffi- 
culty with leaks in rolled tube ends or in gaskets as was experi- 
enced by others. Flexitallic handhold gaskets are used through- 
out. 

Governed principally by changing rates of condenser leakage, 
the boiler-water-sampling and analysis schedules for both sodium 
and potassium treatment call for determining OH and PO, four 
times, and the other usual constituents once per 24 hr per boiler. 

The cost of chemicals for potassium treatment is 3 to 6 times 
that for sodium treatment and at Windsor averages about 10 
to 12 cents per million pounds of feedwater. 


CONCLUSIONS 


Although the direct comparison of potassium and sodium 
treatments now under way has been carried on for too short a 
period to permit drawing more than preliminary conclusions, the 
author’s conclusions with respect to the entire Windsor ex- 
perience are as follows: 


1 Following the usual start-up periods, boiler waters are 
substantially free of turbidity under both sodium and potassium 
treatments. This indicates in both cases that substantially all 
sludge-forming material entering the boilers with the feedwater 
remains in the boilers as sludge and/or scale. 

2 No information has come to our attention to show how 
sodium treatment can be controlled to prevent deposition of 
analcite scale when alumina in quantity reaches the boiler. 

3 When both boilers 82 and 84 were operated under potassium 
treatment with a K/Na ratio of 2 and an SiO2/OH ratio of 0.5, 
both in epm: 


(a) This treatment did not prevent the failure of wall tubes 
on which analcite had already been layed down. These tube 
losses presumably resulted from the deposition of additional 
aluminum-silica complexes containing both sodium and potas- 
sium. 

(6) The rates of accumulations of deposits in 30,000-kw low- 
pressure turbines receiving steam from these boilers were sub- 
stantially the same as under sodium treatment. These deposition 
rates caused capacity losses of about 3000 kw per unit in periods 
of 4 to 6 months. 

4 The direct comparison of Na and K treatments in two 
boilers receiving the same feedwater for a period of 7 months, 
during which condenser leakage was low and river conditions were 
good, has been of too short duration to permit drawing conclu- 
sions other than that the sludge in the potassium-treated boiler 
is less adherent than in the sodium-treated boiler. No hard- 
scale deposits have been observed in either boiler. 
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Embrittlement Cracking in Waters 
Containing Potassium Salts” 


By A. A. BERK? ann N. E. ROGERS,‘ WASHINGTON, D. C. 


On behalf of Subcommittee No. 6 of the Joint Research 
Committee on Boiler Feedwater Studies, the embrittle- 
ment characteristics of waters containing potassium- 
hydroxide alkalinity have been studied. The embrittle- 
ment detector was used to test dilute solutions in the 
range of concentrations encountered in boiler operation. 
The effect of potassium-hydroxide solutions on stressed 
steel was also determined with concentrated solutions in 
a tension-testing device. It was found that potassium- 
hydroxide solutions could cause intercrystalline cracking 
of stressed steel. At 250 C a small concentration of silica 
in the solutions greatly accelerated the attack. Potas- 
sium nitrate and quebracho extract both proved to be 
effective inhibitors. No cracks were obtained with solu- 
tions of pure tripotassium phosphate, potassium meta- 
silicate, or potassium disilicate, indicating that these 
alkaline potassium salts would not cause embrittlement 
cracking of boiler seams. Potassium hydroxide is there- 
fore very similar to sodium hydroxide with respect to 
embrittlement. 


HE use of potassium salts in place of sodium salts to con- 

dition boiler waters has led to continuation of the investiga- 

tion of embrittlement cracking® sponsored by Subcom- 
mittee No. 6 of the Joint Research Committee on Boiler Feed- 
water Studies. Specific questions to be answered were whether 
potassium hydroxide, like sodium hydroxide, could cause the inter- 
crystalline corrosion that led to the cracking and, if so, whether 
inhibitors such as potassium nitrate and quebracho extract® 
could prevent the attack. A third question, whether tripotas- 
sium phosphate or the potassium silicates could be used in a 
‘Zero caustic alkalinity” treatment* 7 is of special importance to 
the operators of high-pressure boilers. 


APPARATUS AND PROCEDURE 


Testing equipment consisted of five embrittlement detectors 


1Prepared by permission of the Director, Bureau of Mines, 
U.S. Department of the Interior. 

2 This investigation was conducted under a co-operative agree- 
ment between the Joint Research Committee on Boiler Feedwater 
Studies and the Bureau of Mines. It was supervised by a sub- 
committee of which J. H. Walker is chairman and was carried out 
at the Washington, D. C., laboratories of the Bureau of Mines. 

3 Chemist-in-Charge, Boiler Water Research, Bureau of Mines, 
Washington, D.C. 

4Chemist, Bureau of Mines, Washington, D. C. 

5“Caustic Embrittlement Research Brings Results,’ by J. H. 
Walker, Mechanical Engineering, vol. 64, 1942, pp. 891-893. 

6“A Practical Way to Prevent Embrittlement Cracking,” by 
A. A. Berk and W. C. Schroeder, Trans. A.S.M.E., vol. 65, 1943, 
pp. 701-711. 

7“Protection Against Caustic Embrittlement by Co-Ordinated 
Phosphate pH Control,” by T. E. Purcell and 8. F. Whirl, Trans. 
Electrochemical Society, vol. 83, 1943, pp. 343-359. 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and presented at the Annual Meeting, New York, 
N. Y., Nov. 27-Dec. 1, 1944, of THe Amprican Socrery or Me- 
CHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


and a tension-testing device. Much of the apparatus had been 
used for the embrittlement work with sodium salts,* and such new 
parts as were required were duplicates of the original units. The 
tests were run in the same manner and for the same length of 
time as were the previous tests with sodium-hydroxide solutions. 

The embrittlement detectors (Fig. 1) were mounted on small 
autoclaves, as shown in Fig. 2. The temperatures of the testers 
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were controlled through individual air thermostats. Hot dilute 
solutions, containing chemicals in concentrations such as might 
exist in boiler waters, circulated as a result of thermal effects 
through the piping to the detectors. Part of each solution was 
diverted to the stressed surface of the test specimen where con- 
centration occurred by evaporation against atmospheric pressure. 
The American Society for Testing Materials method D-807-44T 
was followed in making adjustments of the rate at which evapora- 
tion occurred. Hot-rolled-steel specimens were used until it was 
established that cracking could be produced in the potassium- 
hydroxide solutions; cold-rolled specimens were used from then 
on. 

The tension-testing device is shown in Fig. 3. The hollow test 


8 “Tntercrystalline Cracking of Boiler Steel and Its Prevention,” 
by W. C. Schroeder and A. A. Berk, Bureau of Mines Bulletin 443, 
1941. 
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TENSION TEST BOMB AN = CIMEN 


BALL BEARING 


GROUND, REDUCED 
SECTION ON TEST 
SPECIMEN 


PUSH ROO TO APPLY 
TENSILE LOAO 


specimen of boiler-flange steel seals a bomb that contains the hot 
concentrated solution. A known load, obtained with a lever 
system, is applied to the tubular specimen by a push rod passing 
through its center and bearing on its closed end while the bomb 
is held firmly in a rigid frame. The specimen has a reduced 
section which is ground concentrically on the outer or solution 
side. The smallest diameter of the reduced section is 0.6 in., and 
the inside diameter of the specimen is 0.5 in. A heating jacket 
acts as an air thermostat, and the heat input is adjusted with a 
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variable-voltage transformer in accordance with the temperature 
indicated by a thermocouple in the wall of the bomb. 

All solutions were prepared from standard chemically pure re- 
agents and distilled water. Concentrations were checked by 
analysis before each test and were rechecked in all tests where the 
solution was not lost through the detector or because of the fail- 
ure of the tension-test specimen. The cracking of detector speci- 
mens did not appear to be affected by the number of times the 
autoclaves went dry and had to be refilled during the test. 


Tests WirH THE EMBRITTLEMENT DETECTOR 


Table 1 shows that potassium hydroxide, like sodium hydrox- 
ide, can cause the intercrystalline corrosion responsible for boiler- 
seam cracking. Eight specimens were cracked in the fourteen 
tests run with uninhibited potassium-hydroxide solutions at 
200 and 250 C (corresponding to 210 and 560 psi, respectively). 
Cracks in sections cut from five of the specimens were found to be 
almost completely intercrystalline. 

No cracks were found in six of the specimens. In these, how- 
ever, the area exposed to the concentrating solution was covered 
with a dense, yellow, crystalline deposit instead of the normal 
black-oxide film. Although the bombs were washed thoroughly 
before each test, they had been used for many runs with boiler 
waters as well as synthetic solutions. Apparently the hot 
potassium-hydroxide solutions dissolved the scales that had built 
up in the bombs, and the yellow coatings were formed on the 
test specimens from the contaminated solutions. Deposits, 
removed from some of the specimens by stretching the base metal, 
were subjected to petrographic, spectrographic, and X-ray 
analysis. The only compound identified with certainty was po- 
tassium carbonate. The spectrograph, however, revealed that 
potassium, sodium, iron, silicon, calcium, and magnesium were 
major constituents in most samples (at least 5 per cent of each 
was present). 

The tendency for the yellow protective coating to form ap- 
peared to be greater at higher starting concentrations of potas- 
sium hydroxide, which presumably were more active in dissolv- 
ing scale from the bomb. The protective coating was not ef- 
fective at 250 C, possibly because of the greater penetrating power 
of concentrated potassium-hydroxide solutions at this higher 
temperature. Deposits were most serious in the earlier runs 
(five of the first eight specimens were not cracked) when those 
specimens which did fail cracked at the edge of the yellow coat- 
ings. There was little or no evidence of such interference in later 
tests. 

Table 2 shows the effect of potassium nitrate on embrittlement- 
detector tests with potassium-hydroxide solutions at 200 and 
250 C. No cracks were found in any of the five test specimens. 
The concentration of nitrate as NO; was approximately one half 
the alkalinity as OH in the solutions (a potassium nitrate to 
potassium hydroxide ratio of 0.26). This ratio has proved 
effective as a nitrate treatment of boiler waters containing sodium- 
hydroxide alkalinity. No attempt has been made to determine 
the minimum ratio of nitrate to hydroxide required to prevent 
cracking in waters treated with potassium salts. 

Nitrate tends to react with the metal of the autoclave and 
piping under the conditions of the test. To prevent the con- 
centration of the inhibitor from falling too low during the 30-day 
period, the solutions for these tests were renewed every 10 days. 
Tests K22 showed that similar renewal of an uninhibited po- 
tassium-hydroxide solution did not affect cracking of the speci- 
men, 

Table 3 shows the effect of quebracho extract? as an inhibitor of 


®The Argam Brand quebracho extract used for these tests was 
part of the sample obtained and used for the work with sodium 
hydroxide. 
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TABLE 1 EMBRITTLEMENT-DETECTOR TESTS WITH POTASSIUM-HYDROXIDE SOLUTIONS; 30-DAY TESTS 


Residual solution——_——_. 
Solution composition Total 
KOH-— K2Si03 alkalinity “Free’’a 

‘Test Temp, As OH, as SiOz, as KOH, KOH, SiOz, 
no. deg C Steel Ppm ppm Epm ppm Result of test ppm ppm ppm 
K13 200 Cold rolled 82 25 1.5 Not cracked 86 64 25¢ 
K12 200 Cold rolled 165 50 2.9 Cracked > 224 7A 19¢ 

K17 200 Cold rolled 165 50 2.9 ES Cracked +2 Bomb dry rae 
K22 200 Cold rolled 263 80 4.7 ..4 Cracked 290 201 15 ¢ 
K6 200 Hot rolled 330 100 5.9 7 Cracked 336 277 rye 
K32 200 Cold rolled 330 100 5.9 Not cracked 297 230 Ze 
Kill 200 Cold rolled 330 100 5.9 Not cracked 616f 448 23¢ 
K10 200 Cold rolled 660 200 11.8 Not cracked 722 621 37° 
5 LEY 200 Hot rolled 660 200 iS ar Not cracked 688 632 27° 

K8 200 Hot rolled 660 200 11.8 50 Not cracked 955s 780 37 

K9 200 Hot rolled 660 200 eS 50 Slightly cracked ots 370¢ 40 
K14 250 Cold rolled 165 50 2.9 a Slightly cracked 224 128 38° 
K15 250 Cold rolled 330 100 5.9 st Cracked) 395 293 25° 
K16 250 Cold rolled 660 200 11.8 ..d Cracked 890F 662 60° 


@ Determined by strontium-chloride method using phenolphthalein indicator. 

b Cracking confirmed as intercrystalline. 

© No silica added; that found in solution must have been dissolved from the walls of the bomb. 
4 20 ppm KCl also present in solution. 

€ Solution dark colored by leachings from bomb. 

f Indicates loss of steam from bomb and concentration of the dilute solution. 


TABLE 2 EMBRITTLEMENT-DETECTOR TESTS WITH NITRATE IN POTASSIUM-HYDROXIDE SOLUTIONS; 30-DAY TESTS WITH 
COLD-ROLLED-STEEL SPECIMENS 


——Residual solution averages¢—— 


Solution composition—¥—. Total 
KOH: KNOsz alkalinity ‘‘Free”’ Ratio 
Test Temp, As OH, As NOs, as KOH, KOH,’ KNOsz,6  SiOe,é¢ KOH to KNO;¢ 
no. deg C Ppm ppm Epm Ppm ppm Epm Result of test ppm ppm ppm ppm Ppm Epm 
K18 200 165 50 2.9 41 25 0.4 Not cracked 168 101 8 14 0.15 0.08 
K23 200 2634 80 4.7 86 53 0.8 Not cracked 263 184 50 13 0.26 0.14 
K33 200 330 100 5.9 99 60 1.0 Not cracked 330 234 83 18 0.28 0.15 
K19 250 330 100 5.9 114 69 ieee Not cracked 445 302 25 62 0.18 0.10 
K20 250 660 200 11.8 224 138 2.2 Not cracked 720 603 96 61 0.23 0.13 


@ All bombs were refilled with fresh solution every 10 days; the solutions removed after each 10-day period were analyzed and the data averaged for this 
table. 

b’ Determined by the standard strontium-chloride procedure. 

¢ In this ratio KOH is the total alkalinity in terms of KOH. The sodium nitrate to sodium hydroxide ratio of 0.3, which has been found completely 
successful for preventing cracking of specimens in detectors attached to stationary boilers, corresponds to a IKNOs3 to KOH ratio of 0.26 (0.14 if the concen- 
trations are expressed in epm). 

4 Solution also contained 20 ppm KCl. 

¢ No silica in any of these solutions at start of tests. 


TABLE 3 EMBRITTLEMENT-DETECTOR TESTS WITH QUEBRACHO EXTRACT IN POTASSIUM-HYDROXIDE SOLUTIONS; 30-DAY 
TESTS WITH COLD-ROLLED-STEEL SPECIMENS 


Solution composition 


Total Residual solution averages® 
KOH alkalinity  ‘‘Free’’® Ratio? 

Test Temp, As OH, Quebracho, as KOH, KOH, Quebracho, SiOs,4 ——-Quebracho-—— 
no deg C Ppm ppm Epm ppm Result of test ppm ppm ppm ppm to KOH to OH 
K28 200 165 50 2.9 48 Not cracked 170 59 14 9 0.18 0.60 
K27 200 263 80 curr! 76 Not cracked 244 138 20 24 0.19 0.62 
h3l 200 330 100 5.9. 95 Not cracked 280 158 40 12 0.22 0.73 
K26 250 330 100 5.9 95 Not cracked 310 152 20 23 0.18 0.59 
K21 250 660 200 1i.8 190 Not cracked 636 382 34 an ONL? 0.57 


@ All bombs were refilled with fresh solution every 10 days; the solutions removed after each 10-day period were analyzed and the data averaged for this 
table. 


6 In this ratio KOH is the total alkalinity in terms of KOH. The quebracho extract to sodium hydroxide ratio of 0.4, which has been used with con- 
siderable success to inhibit cracking of test specimens in embrittlement detectors attached to stationary boilers, corresponds to a quebracho to KOH ratio 
of 0.3 (0.94 to OH). 

¢ Determined by the standard strontium-chloride method. 

4 No silica was added to the solutions for any of these tests. 


cracking in potassium-hydroxide solutions. No cracking re- — sile stress at a known temperature while it is acted on by a con- 
sulted in the five tests run at 200 and 250 C. The concentration centrated solution of known composition. No assumptions are 
of quebracho extract approximately equaled the alkalinity as made as to how a boiler water may concentrate to attain the com- 
OH in these solutions (a quebracho-to-potassium hydroxide ratio _ position of the test solution. In that sense the results are there- 
of 0.3). This ratio has been used with considerable success for fore not controversial. 


the quebracho-extract treatment of stationary-boiler waters. On the other hand, the concentration of hydroxide used for the 
As in the tests with nitrate, solutions were renewed every 10 days tension test may not provide the most aggressive attack on the 
to maintain the inhibitor concentration at the desired level. grain boundaries of the stressed-steel specimen. It would thus 


Table 4 contains four tests in which the solution was alkaline but be possible to demonstrate that an inhibitor prevented cracking 
contained no “‘free’”’ potassium hydroxide. As the water evapo- in a series of hydroxide solutions without establishing the effec- 
rated from these solutions in the detector, a concentrated solu- tiveness of the inhibitor and its required concentration with re- 
tion of a potassium salt was formed instead of a concentrated spect to the most severe cracking conditions. For these tests 
solution of potassium hydroxide. Two tests were run with tri- with potassium hydroxide, a concentration of 35 g per 100 g of 
potassium phosphate, and one each with potassium disilicate and water was used. This solution contains exactly as much hy- 
potassium metasilicate. None of the specimens was cracked, droxide (OH) as the solutions containing 25 g of sodium 
indicating that the ‘zero caustic” treatment with potassium salts hydroxide per 100 g water, which were used in previous work. 
should be effective with respect to embrittlement cracking. While reagent-grade chemical was used, it is possible that traces 
of impurities were present in the solutions and had some effect 
on the results. All tension tests were run at 250 C. 

In the tension tests, the specimen is subjected to a known ten- Table 5 shows that at this temperature silica greatly acceler- | 


Tension TEsTS 
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TABLE 4 DETECTOR TESTS WITH ALKALINE POTASSIUM SALTS IN THE ABSENCE OF 
“FREE” CAUSTIC; 30-DAY TESTS WITH COLD-ROLLED-STEEL SPECIMENS AT 250 C 


Residual solution——— 
“Free” 
——Concentration— OH,? SiOs, POs, 

Test no. Salt used Ppm Epm Result of test ppm ppm ppm 

K25 Tripotassium phosphate 150% edo Not cracked 8 one 128 

K30 Tripotassium phosphate 300% 9.5 Not cracked 1 5 290 

K24 Potassium disilicate 300° 5.0 Not cracked me 210 ke 

K29 Potassium metasilicate 300° 10.0 Not cracked Autoclave ° 

dry 
% As PO,. 


6 Determined by the standard strontium-chloride method, using phenolphthalein indicator. 


¢ As SiOe. 


ates the attack of potassium-hydroxide solution on the test speci- 
men. ‘Pure’? potassium-hydroxide solution caused a specimen 
stressed at 70,000 psi to fail in 10 days, but apparently did not 
affect a specimen stressed to 60,000 psi. The addition of a very 
small quantity of silica to the solution decreased the load-carry- 
ing ability of the specimens, causing relatively rapid failure at 
loads of 60,000 and 50,000 psi. The cracks produced by ‘“‘pure”’ 
caustic were wide and transcrystalline, while those resulting in 
the solution containing silica were narrow, and some were largely 
intercrystalline. Silica has a similar accelerating effect on the 
tendency of sodium-hydroxide solutions to cause intercrystalline 
cracking.’° 

Runs TS and T10 in Table 6 indicate that potassium nitrate 
is an effective inhibitor of cracking in potassium hydroxide-silica 
solutions. The relative concentration of nitrate used in these tests 
was very low compared to the ratio used in the detector 
tests. It was also noted that at the conclusion of the 10-day tests 
the solutions contained no nitrate. Apparently a protective coat- 
ing was formed on the specimen before the nitrate was decom- 
posed in the concentrated caustic solution. The specimen did 
not fail, because the coating was not disturbed and broken during 
the remainder of the run. 

This hypothesis was checked by test T9, for which the load 
was applied after the solution had been in the bomb at the oper- 
ating temperature for 8 days. The specimen failed, showing that 
there was not sufficient nitrate in solution at that time to repair 
the protective coating that must have been broken when the steel 
was stressed beyond its elastic limit. Nitrate, although com- 
paratively inert in dilute alkaline solution (boiler water), appears 
to react rapidly with metal and metal-oxide surfaces in con- 
centrated caustic solutions. 

2uns T6 and T7 in Table 7 indicate that quebracho extract is 
also a good inhibitor of cracking in concentrated potassium- 
hydroxide-silica solutions. As in similar tests with sodium hy- 
droxide,'! a relatively low concentration of quebracho extract 
gave satisfactory protection in the concentrated caustic solution. 
Much higher ratios are used for the detector tests of simulated 
boiler waters to allow for the loss of tannin, which apparently 
occurs during concentration. 


SUMMARY AND CONCLUSIONS 


All of the tests run during the project are included in Tables 
1 to 7, inclusive. Five tests, numbered K1 through K5, were 
begun and then abandoned when it became necessary to post- 
pone the work several months. Table 8, therefore, summarizes 
all the data that were obtained with respect to the embrittle- 
ment characteristics of waters in which potassium salts are used. 

Potassium-hydroxide solutions produced intercrystalline crack- 


10 ** Action of Solutions of Sodium Silicate and Sodium Hydroxide 
at 250° C on Steel Under Stress,’”’ by W. C. Schroeder and A, A. 
Berk, Trans. American Institute of Mining and Metallurgical Engi- 
neers, vol. 120, 1936, pp. 387-400. 

11 “Protecting Steel Against Intercrystalline Attack in Aqueous 
Solution,”” by W. C. Schroeder, A. A. Berk, and R. A. O’Brien, 
Trans. A.8.M.E., vol. 60, 1938, pp. 35-42. 


TABLE 5 FAILURE OF TENSION SPECIMENS IN _ CONCEN- 
TRATED POTASSIUM-HYDROXIDE SOLUTIONS; ALL TESTS 
WITH BOILER-FLANGE STEEL AT 250 C 


Boludion composition 


Applied ‘ SiO», 

Specimen stress,% g/100 g 2/100 g Failure, No failure, 
no. psi H20 H2O hr days 
T1 70000 35f 0 2200 ae 
2, 60000 35 0 ite ge 
T3 60000 35 0.2 594 =e 
T4 50000 35 0.2 age 1/,e 
T5 50000 35 0.2 694 ad 


* Load applied after specimen reached test temperature. 

b Specimen failed at one side of reduced section and solution was lost; the 
cracks were wide, and little or no intererystalline cracking could be found. 

¢ A pinhole leak developed in the reduced section of the specimen after 
9 days, and the solution was lost. There were no cracks, intercrystalline 
or otherwise. 

@ Microscopic examination of the broken specimens showed that some of 
the finer cracks were predominantly intercrystalline. 

¢ A pinhole leak developed in the wall of the specimen within 24 hr of the 
application of the load. No cracks were found. 

f Equal to 25 g of NaOH per 100 g of H20. 


TABLE 6 EFFECT OF NITRATE ON CRACKING OF TENSION 


SPECIMENS IN CONCENTRATED POTASSIUM-HYDROXIDE 
SOLUTIONS; ALL TESTS AT 250 C 
Solution composition——~ 
KOH, SiOz, KNOs, No 

Test Applied? g/100g g¢/100¢ g/100g_ Failure, failure, 
no stress, psi H20 H.0 H.0 hr days 
T3 60000 354 0.2 596 
T5 50000 35 0.2 ihe 696 < 
T8 60000 35 0.2 1.0¢ io 10 
T9 60000¢ 35 0.2 1.0 516 ne 
T10 60000 35 0.2 LEO afe 12 


2 Load applied after specimen reached test. temperature. 

’ Cracks confirmed as intercrystalline. 

© Load applied after solution had been at test temperature 3 days. 
@ Equal to 25 g NaOH per 100 g H20., 

¢ Equal to 0.84 g NaNOs per 100 g H20. 


TABLE 7 EFFECT OF QUEBRACHO EXTRACT ON CRACKING 
OF TENSION SPECIMENS IN CONCENTRATED POTASSIUM- 
HYDROXIDE SOLUTIONS; ALL TESTS AT 250 C 


-—— Solution composition——X 


KOH, SiOz,  Quebracho, No 
Test Applied? ¢/100g g/100¢g 2/100 g_ Failure, failure, 
no. stress, psi 20 H20 H20 hr ays 
T3 60000 35° 0.2 596 a8 
TS 50000 35 0.2 aiata 696 ae 
T6 60000 35 0.2 1.8 AY: 11 
PT 60000 35 0.2 1.8 10 


@ Load applied after specimen reached test temperature. 
’ Cracks intercrystalline. 
¢ Equal to 25 g NaOH per 100 g H:O. 


TABLE 8 SUMMARY OF EMBRITTLEMENT TESTS WITH 
POTASSIUM SALTS 


Specimens 
Specimens not 
Solution used Type of test cracked cracked 

KOH (without inhibitor)....... Detector 8 6 
KOH-—K2SiO; (without inhibitor) Tension 2 0 
KOH-KNOs Detector 0 5 
KOH-K:2SiOs-KNOs.... Tension 1¢ 2 
KOH-quebracho extract Detector 0 5 
KOH-—K:2SiOs—quebracho .. Tension 0 2 
INGOs ErOO . OE as cae rn taki ele ur Detector 0 4 


9 Load applied after solution had been at test temperature 3 days. 


ing in stressed-steel specimens both in the embrittlement detector 
and in the tension tests (in the latter a small quantity of silica 
was required under the test conditions). It is unfortunate that 
there was so much interference from impurities in the first eight 
detector tests to be run. Hindsight indicates that new equip- 


_ 
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ment should have been used. Cracking undoubtedly was pre- 
vented by impervious coatings formed on the specimens from 
impurities in the caustic solutions. It is quite possible that 
the tendency for such coatings to form often may be the con- 
trolling factor as to whether boiler-seam cracking occurs in 
boilers operated with scale-forming waters, 

The tests with nitrate and with quebracho extract show that 
the practical inhibitors of embrittlement cracking in solutions 
containing sodium-hydroxide alkalinity are also effective in po- 
tassium-hydroxide solutions. No attempt has been made to 
determine the inhibitor ratios required to prevent cracking. The 
apparatus available was unsuited to such determinations, and 
the data can be obtained much more readily in embrittlement 
detectors attached to operating boilers. Also it would be a 
most unusual boiler water that contained no sodium salts. The 
ratios found suitable for sodium-hydroxide alkalinity would 
therefore probably be required in most cases. 

No tests were run at temperatures corresponding to the higher 
operating pressures. Several specimens, however, have been 
cracked in embrittlement detectors mounted on boilers operating 
with potassium-salt treatment at 1250 and 1350 psi. The tests 
that showed the effect of “zero caustic” treatment should be of 
special interest, therefore. Tripotassium phosphate apparently 
can be used as effectively as the now widely used ‘‘co-ordinated”’ 
sodium-phosphate treatment. The potassium silicates also 
caused no cracking, but whether a boiler can be operated with high 
silicate concentrations without serious scaling and turbine-fouling 
troubles is beyond the scope of this project. 


Discussion 


C. E. Kaurman.'2? When Dr. Hall! first formulated his ideas 
on potassium equilibrium in boiler waters, work was started in 
our laboratories with embrittlement-detector installations in 
order to investigate the characteristically different waters pro- 
duced. 

In general our experiments, run from 30 to 60 days at 250 C 
(482 F, 577 psia), parallel and confirm those of the authors. 
Inhibition with nitrate and tannin was successful, and main- 
tenance of alkalinity with either K;PO, or K2SiO; alone resulted 
in no cracking of hot- or cold-rolled test bars. In fact, with no 
inhibitor present, potassium-salt solutions containing free hy- 
droxide in appreciable quantity caused an even lesser percentage 
of cracking than the authors found, although, again, deposition 
of complex substances derived from previous tests may have been 
an important factor. 

Mixtures of sodium and potassium salts with free hydroxides 
present were intermediate in their tendency to produce crack- 
ing, exhibiting less aggressiveness than sodium salt-caustic 
solutions and greater action than exclusively potassium salt- 
hydroxide solutions. 


T. E. Purceru' anp §. F. Wurru.!® The results of two em- 
brittlement-detector tests, one of 58 days’ duration, the other of 
90 days’ on a boiler operating at 900 psi, substantiate the find- 
ings of this research investigation that alkalinity produced by 
potassium-phosphate salts, with no caustic alkalinity present, 
will not cause embrittlement cracking of the detector specimens. 

12 Research Engineer, Hall Laboratories, Inc., Pittsburgh, Pa. 

13‘*A New Approach to the Problem of Conditioning Water for 
Steam Generation,” by R. E. Hall, Trans. A.S.M.E., vol. 66, 1944, 
pp. 457-474. 

14General Superintendent of Power Stations, Duquesne Light 
Company, Pittsburgh, Pa. Mem. A.S.M.E. 

18 Chief Chemist, Power Stations Department, Duquesne Light 
Company, Pittsburgh, Pa. 
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In this investigation, the authors used pure tripotassium 
phosphate. Our tests, the first of which was reported before this 
Society, !% were run with co-ordinated phosphate pH control, 17 
wherein the pH of the boiler water was maintained slightly on the 
acid side of the stoichiometrical neutral point of pure tripotassium 


phosphate. A typical boiler-water analysis is given in Table 9 
of this discussion. 
TABLE 9 TYPICAL ANALYSIS OF BOILER WATER; NO. 1 
BOILER, F. R. PHILLIPS POWER STATION 
HOLT EMOOLOCERIIIO 5, 250.75 0ye'o: verges) s/o Wes Bonde 8 Wind gaia aides 10.77 
From phosphate-pH curve................. 11.05 
Sp. Cond.. MICKOTMhOS ./. 5.0% cssme wens os 944 
DISSOLVOC/SALUS, DPDMee ova. ss counee ee sae 566 


Phosphate, POs, ppm.............. a3 ae eee 130 
Sulphate, SOs, ppm... yesh ee ae, 

Sulphite, SOz, ppm.. 
Chloride, Cl, ppm... “or ae 
ELV ArOxIGen OVE GDP MICt crash moline > sito sates aeaenciel reek ee 0 


2 By modified Winkler method, using strontium chloride and phenol- 
pbthalein. 


The authors are to be commended for presenting all of their 
data instead of only that portion which fits the present general 
pattern of thinking. In research investigations, it is often the 
seemingly undesirable data which eventually prove to be the most 
significant. Of particular interest are the preliminary results 
with potassium hydroxide in the old bombs. At first thought 
they are somewhat surprising, but a little reflection and study 
give quite a clear picture. For example, approximately 3 years 
ago, one of our boilers was treated with quebracho tannin for a 
test period of 11/2 years. Since the discontinuance of this treat- 
ment, the boiler has evaporated approximately 800,000,000 lb of 
water and has been drained and refilled with condensate five 
times, but still the characteristic wine color produced by the 
quebracho remains in the boiler water. It is readily conceiva- 
ble, as the authors point out, that deposits laid down on boiler 
surfaces may be a controlling factor as to whether boiler-seam 
cracking will occur later. 


AuTHORS’ CLOSURE 


The authors are grateful to the contributors of the three 
written discussions. Both C. E. Kaufman, and T. E. Purcell and 
8. F. Whirl have presented corroborating data that are always 
welcome. E. B, Powell’ has suggested that the action of nitrate 
on steel be discussed in greater detail. A summary of the ob- 
served behavior of this chemical during plant and laboratory 
tests does appear appropriate because of its increased use in 
boiler-water conditioning. 

Nitrate in hot dilute alkaline solution is a relatively stable sub- 
stance; for example, it does not appear to react with sodium sul- 
phite at boiler temperatures (observations have been made at 
200 to 700 psi). Specially prepared metals can reduce nitrate 
quantitatively to ammonia in such solutions, however, and this 
property is the basis for the evolution method for its determina- 
tion. 

The loss of nitrate from hot dilute solutions in laboratory auto- 
claves is thought to be due to its electrochemical reduction at 
especially active areas in the steel surface. Such areas tend to 
lose their activity during the reduction reaction, and decreasing 
quantities of the chemical are lost during successive tests in the 
same apparatus. Plant experience is similar in that, when ni- 


16 ““Embrittlement of Boiler Steel—Experiences With the Schroeder 
Detector,” by T. E. Purcell and S. F. Whirl, Trans. A.S.M.E., vol. 64, 
1942, pp. 397-402. 

‘Protection Against Caustic Embrittlement by Co-Ordinated 
Phosphate pH Control,” by T. E. Purcell and 8. F. Whirl, Third 
Annual Water Conference, Engineering Society of Western Penn- 
sylvania, 1942, pp. 45-60. 

18 See p. 322 of this issue for Mr. E. B. Powell’s written discussion 
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trate treatment is first added to a boiler, the concentration found 
in the boiler water is usually substantially lower than that ex- 
pected. The boiler surfaces seem to be conditioned in 2 or 3 
weeks, however, and no further reduction or loss of chemical 
appears to occur. As with any other stable salt, the concentra- 
tion in the boiler water, can then be predicted on the basis of 
feedwater, blowdown, and carry-over relationships. 

In hot concentrated hydroxide solutions such as those that may 
exist in boiler seams, nitrate is much more reactive with respect 
to steel and the ordinary oxides of iron. The product of the 
reaction appears to be a higher oxide, which tends to remain at 
the original steel or oxide surface as an adherent coating. The 
formation of the coating tends to limit the extent to which the 
base metal can be attacked. Thus the embrittlement-detector 
specimens tested in nitrate solutions are generally colored red 
where the coating is heavy, but the quantity of metal lost is no 
greater than when the inhibitor is absent. It would be incor- 
rect to state that nitrate prevents embrittlement by increasing 
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the general corrosion activity at the steel surface. More proba- 
bly, no intercrystalline attack can occur because the grain 
boundaries as well as the grains are covered with an unbroken 
passivating film or coating. ‘ 

Confusion also exists with regard to the use of nitrate as an 
inhibitor when its concentrated solutions are known to produce 
intererystalline cracking very rapidly in stressed steel. Experi- 
ments have shown that nitrate in alkaline solution will not pro- 
duce cracking. The explanation is derivable from the observed 
reactivity of the chemical. In hot alkaline solutions it corrodes 
steel very rapidly until a protectve oxide coating is produced. 
Hot concentrated neutral solutions are not generally corrosive; 
and the attack, if any, is limited to the material at the grain 
boundaries. Thus hot alkaline nitrate solutions protect steel by 
coating it with an adherent oxide; while hot concentrated neu- 
tral solutions may cause stressed steel to crack as the result of 
intererystalline corrosion. 


Experience With Sodium and Potassium 
Chemicals tor Boiler-Water Condi- 
tioning at Montaup Electric 


By G. U. PARKS,! FALL RIVER, MASS. 


Since its installation in June, 1942, the high-pressure 
forced-circulation boiler at Somerset Station of the Mon- 
taup Electric Company, which is designed to produce 
650,000 1b of steam per hr at 1950 psi, has been of con- 
siderable general interest, because of certain unique fea- 
tures in power-plant practice. Operation for the first 9 
months, using standard sodium chemical treatment for 
water conditioning, was unsatisfactory. A potassium 
treatment was evolved, which corrected the adverse con- 
ditions. Today the Somerset Stations’ high pressure 
boiler is in every respect an excellent commercial steam 
generator. 


INTRODUCTION 


N June, 1942, a new high-pressure forced-circulation boiler 
was placed in operation at this company’s Somerset Sta- 
tion. This boiler is designed to produce 650,000 lb of steam 

per hr at 1950 psi at the steam-drum outlet. Final steam tempera- 
ture is 960 F. The boiler contains a 400-lb reheat section with a 
capacity of 537,000 lb of steam per hr. Details of this boiler and 
related generating and electrical equipment were previously 
presented in a paper by Clark, Rosencrants, and Armacost.? 

This high-pressure steam-generating unit has certain features 
which were unique in American stationary-plant practice at the 
time of installation. Some of these features should probably be 
mentioned as they undoubtedly have relation to boiler-water 
conditions. These special features are high-pressure pumps 
circulating boiler water from the wet-drum downcomers at 
boiler-water temperature and pressure to the bottom headers 
supplying the two side-wall and rear-wall tubes, and also the 
circuit of tubes which comprises the floor, front wall, and roof; 
strainers which are l-in. tubes so placed in the supply headers that 
entry of boiler water is obtainable only through a number of 
3/,5-in-diam_ perforations; orifices at the upper ends of the 
strainers of either 0.34 in. or 0.40 in. diam, depending upon the 
tube circuit supplied, each of these orifices supplying water to a 
pair of 11/,-in-OD furnace-wall tubes (bifurcated tube construc- 
tion); over-all ratio of boiler water circulated to steam generated 
of 4:1 at full load. 

Feedwater to this boiler consists of condensate from two tur- 
bine condensers with an average of about 21/2 per cent make-up 
water supplied from evaporators. Raw water is from Coles 
River, which is the drainage source of a typical New England 
country watershed. Condensing water is from the Taunton 


1 General Manager, Montaup Electric Company. Mem. A.S.M.E. 

2 ““1825-Pound-Pressure Topping Unit With Special Reference to 
Forced-Circulation Boiler,’ by F. S. Clark, F. H. Rosencrants, 
and W. H. Armacost, Trans. A.S.M.E., vol. 65, 1943, pp. 461—477. 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and presented at the Annual Meeting, New York, N. Y., 
Nov. 27—Dec. 1, 1944, of THe AMERICAN SocteTy or MECHANICAL 
EXNGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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River, which is a tidewater river, and contains substantiai 
amounts of sewage. 


Resuurs Durinc Treatment WirH SopIuUM CHEMICALS 


A series of boiler inspections during the first 9 months of opera- 
tion with the use of standard sodium chemicals (phosphate, hy- 
droxide, and sulphite) for boiler-water conditioning consistently 
showed internal conditions which were unsatisfactory. Analy- 
ses of the various deposits showed these to consist largely of 
magnetic oxide of iron with appreciable quantities of caleium and 
magnesium phosphates also present. In some of the samples 
the magnesium actually exceeded the calcium in percentages. 
Small amounts of copper were also found in many of the deposits. 

While some of the magnetic oxide of iron present during this 
period was undoubtedly mill scale, this did not account for all of 
this material. Examination of tube sections also showed that 
under the coating of magnetic oxide on the tubes, quite a little 
pock-marking or pitting existed, which gave some concern. Dis- 
solved oxygen in the feedwater was naturally one of the first 
things to be checked, but tests on the feedwater generally showed 
negative results with traces of oxygen being found only oc- 
easionally. Furthermore, even though small amounts of oxygen 
could have been present in the feedwater, this could hardly be a 
significant factor in the corrosion of the boiler tubes for the in- 
crease in temperature of the feedwater as it reached the boiler 
drum and extremely low partial pressure of oxygen in the steam 
would tend to remove the oxygen with the steam leaving the 
boiler, before the. water reached the downcomers located at 
the two ends of the wet-steam drum. 

Sodium sulphite was also used as a chemical oxygen scavenger. 
However, it was found that this chemical was unstable in our 
unit, and when maintained at more than a few parts per million 
in the boiler water, considerable contamination of steam with 
hydrogen sulphide occurred. 

After a few months’ operation, it was also noted that con- 
siderable hide-out of sodium phosphate and sodium sulphate oc- 
curred, as indicated by boiler-water tests when dropping load 


COLD 
SIDE 


FURNACE 
SIDE 


FURNACE 
SIDE 


COLD 
. SIDE 


Tuse Secrions Arrer Stx Monrus’ Opprarion Wir 
Sopium CHEMICAL TREATMENT 


Fie. 1 


oO 


336 


Condition of tubes after 6 months’ operation with sodium chemi- 
cal treatment is shown in Fig. 1. 


Porass1tum TREATMENT 


In March, 1948, Dr. R. E. Hall called the attention of our con- 
sultants, the Stone & Webster Engineering Corporation, and 
ourselves, to certain data which he had developed, showing the 
possibilities of certain advantages which might be obtained by 
maintaining potassium rather than sodium equilibria in boiler 
waters. Details of this development have also been presented 
in a paper? by Dr. Hall. 

It was decided that we would try this new approach, and ar- 
rangements were made to get the necessary chemicals which in- 
cluded potassium phosphate, potassium hydroxide, potassium 
sulphite, potassium chloride, and potassium silicate. Before 
instituting the new treatment, plans were made to clean the 
boiler thoroughly, inasmuch as considerable accumulation of de- 
posits was present. The cleaning was done about the middle of 
April, 1948, using inhibited hydrochloric acid, supplied by Dowell, 
Inc. 

Operation of the boiler was resumed on April 22, 1948, using the 
potassium chemicals mentioned. 

After a few relatively short runs, followed by internal in- 
spections of the boiler, the results were decidedly encouraging, as 
measured by reduction in deposit formation. Therefore, the 
boiler was placed in operation at full design pressure and load 
increased to about 75 per cent of design, whereas, during the 
greater part of the operating period with sodium chemicals, it 
had been deemed advisable to operate at lower pressure and 
load, until improvement in internal conditions could be obtained. 

One of the first encouraging features of the new treatment was 
the sharp decrease in the extent of chemical hide-out found on 
dropping boiler load. In fact, no hide-out at all could be obtained 
with the potassium chemicals used for boiler-water conditioning 
when simply dropping load. Once the furnace fires were actually 
out, slight amounts of phosphate and silicate hide-out were in- 
dicated. A typical comparison of hide-out test results are given 
in Table 1. 


TABLE 1 CHEMICAL HIDE-OUT IN BOILER WATER WHEN 
TAKING BOILER OUT OF SERVICE 
During 
During sodium potassium 
-———treatment——~ -——\treatment—— 
Start Finish Start Finish 
Phosphate as POu, ppm. F , 20 175 40 45 
Phosphate increase, POs, ppm. : 155 
Sulphate as SOs, ppm........... 90 223. 35 15 
Sulphate increase, SOs, ppm...... 133 0 
Silica as SiOe, ppm............. Not determined i 12 
Silica increase, ppm............. Not determined * 5 
Chloride as Cl, ppm?........... 39 24 270 115 
Phosphate increase, corrected for 
dilution, ppm. ‘ 265 12 
Sulphate increase, “corrected for 
GHUGONY PPMn acc: soca ee 272 0 
Silica increase corrected for dilu- 
RIO PPI. . ci sdolestlce tate hres Not determined 21 


} * Decrease in chloride gives a measure of the dilution of the boiler water 
ve feedwater as the load on the boiler is decreased and the unit taken out 
of service. 


While with potassium treatment, the hide-out of sulphate had 
been completely eliminated, and that of phosphate reduced to 
an almost negligible factor, the small amount of silica hide-out 
came as somewhat of a surprise. We have since learned that in 
other high-pressure boilers, operating on sodium treatment, silica 
hide-out is not at all uncommon, but inasmuch as tests for silica 
were not made during hide-out tests on our boiler during the 


#“A New Approach to the Problem of Conditioning Water for 
Steam Generation,” by R. E. Hall, Trans. A.S.M.E., vol. 66, 1944, 
pp. 457-488. 
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period of sodium treatment, we have no knowledge of the extent 
to which this could have occurred. 

As a result of the silica hide-out, the silicate feed was reduced 
so that the boiler-water silica concentration was generally main- 
tained at about 5 to6 ppm. After a boiler inspection in July, 1943, 
when some magnesium phosphate was found in the deposits, it 
was decided to increase the silica feed with the object of favoring 
the precipitation of magnesium as magnesium silicate which 
would be expected to be less adherent to the internal boiler sur- 
faces. The increased feed of silica was begun in August, 1943. 
However, within about 30 days or so, it was noted that capacity of 
the condensing turbines was dropping off, and thrust-bearing 
temperatures were also increasing, indicating turbine deposits. 
As the result of these undesirable turbine conditions, the silica 
feed was again reduced to the former level. Inspection of one 
of the condensing turbines showed deposits of insoluble silica 
present, which were removed by mechanical cleaning. The other 
condensing unit was restored to full capacity with normal thrust- 
bearing temperatures by washing with caustic soda and satura- 
ted steam. 

An inspection of the high-pressure ner during the latter 
part of October, 1943, showed quite good internal conditions, as 
had become customary since the institution of potassium treat- 
ment. Therefore, it was decided to put the boiler back on the 
line and increase the load to full design operation. Shortly after 
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TABLE 2 COMPARISON OF INTERNAL BOILER CONDITIONS, SODIUM VERSUS POTASSIUM 


Sodium treatment, June, 1942, to April 15, 1943 
Deposits showing magnesium phosphate and magnetic oxide of iron 


Economizer outlet 
tubes 
Downtake screens 


as major constituents. 


iron as major constituents. 
40 per cent plugged. 

Waterwall supply 
headers 


Heavy deposits showing calcium phosphate and magnetic oxide of 
Screen openings found as much as 


Considerable deposits showing calcium phosphate, magnesium phos- 
phate, and magnetic oxide of iron as major constituents. 


Potassium treatment, during periods 
subsequent to April 22, 1943 


No deposits. 


Similar deposits in decreased amount. Screens 
seldom found more than 10 per cent plugged. 


Very small quantities of deposits, mainly 


Large magnetic oxide of iron and some copper. 


quantities of these deposits found in definite ‘‘scaly’’ pieces. 


Strainers supplying 


orifices phosphate, and calcium 


Boiler tubes 


siderable action on tubes under deposits. 
Reversing hoods 
(Through which boiler 
water and steam gen- 
erated discharges in 
the steam drum) 
Wet-steam drum 


minor constituents. 


midnight on December 7, 1943, with a load of 630,000 lb per hr on 
the boiler, the No. 2 roof tube, counting from the north wall, 
failed, necessitating taking the unit out of service. This was the 
first tube failure since the institution of potassium treatment, 
although several similar failures had occurred during the period 
of sodium treatment. Inspection of the unit showed that the 
failure was unquestionably due to a build-up of sludge, mostly 
iron oxide, in the north end of the rear bottom header which sup- 
plies water to this tube circuit, consisting of floor, front-wall, 
and roof tubes. This condition of iron-oxide accumulation at 
the ends of the rear header was corrected by the boiler manu- 
facturer by connecting these ends to the west ends of the side- 
wall headers through collecting chambers, to permit boiler- 
water circulation instead of stagnation at the header ends. The 
continuous-blowdown collection system was also improved. 

During the boiler outage, starting December 7, 1943, a num- 
ber of tubes were cut out and split for internal examination 
(Fig. 2). The deposits on the tubes were found to be greater 
than had previously been seen since the institution of potassium 
treatment. Most of the coating was found to be iron oxide, but 
under this, on the internal surface of the tube area exposed to the 
heat of the furnace, a thin band of acmite, sodium-iron silicate, 
was found. ‘To clean the boiler tubes thoroughly, before return- 
ing the unit to service, acid cleaning by Dowell Inc., was done, 
using inhibited hydrochloric acid supplemented by a fluoride. 
The fluoride was included to obtain removal of the silicate de- 
posit. / 

In case of any question as to the source of the sodium on the 
acmite which had been found in the boiler tubes, the answer to 
this lies in the fact that tidewater for condenser cooling is used at 
the Somerset station. While condenser leakage is kept relatively 
low, a little does occur, and the sodium-salt content of this con- 
denser leakage, which goes into the feedwater system is naturally 
quite high. Thus to keep boiler-water blowdown and chemical 
feed within reason, it is necessary to operate normally with a 
potassium-to-sodim ratio, expressed in equivalents of about 3 to 
1, and during periods of relatively high condenser leakage this 
ratio is but 2 to 1. If the station were located so that fresh 
water could be used for condenser cooling, providing a considera- 
bly higher ratio of potassium to sodium to be readily main- 
tained, it is possible that the danger of acmite formations in the 
boiler, with the silica concentrations which were used, might not 
exist. 


Considerable deposits showing magnetic oxide of iron, magnesium 
phosphate as 
Strainer openings found as much as 50 per cent plugged at times. 
Considerable deposits with magnetic iron oxide as major constituent. 
Minor constituents found present were water-soluble sodium salts, 
calcium phosphate, magnesium phosphate, and ferric oxide. 


Deposits showing crystalline calcium phosphate and magnetic oxide 
of iron as major constituents, with magnesium phosphate, and 
water-soluble sodium salts present as minor constituents. 


Considerable deposits showing magnetic oxide of iron and copper as 
major constituents, with calctum and magnesium salts present as 


Very little deposits, mainly magnetic oxide of 
iron. Seldom find strainer openings as 
much as 10 per cent plugged. 

Generally find some deposits, of about the same 
composition as found under sodium treat- 
ment, but quantities are considerably less. 
Some action on tubes under deposits. 

No deposits. 


major constituents. 


Con- 


Very small quantities of deposits found, con- 
sisting mainly of magnetic oxide of iron and 
some copper, with calcium and magnesium 
phosphates as minor constituents. 


When the boiler was returned to service, the use of silicate 
was discontinued, but the other potassium chemicals previously 
mentioned were continued in use as the sole water-conditioning 
chemicals. The silica feed had been used to try and maintain 
“captive alkalinity,” as well as for the separation of magnesium 
as the silicate, as discussed in Dr. Hall’s paper.’ As a substitute 
for the “captive alkalinity,” the potassium-chloride feed was in- 
creased to reduce the hydroxide concentration which could de- 
velop in case of localized evaporation. This chloride-to-hydrox- 
ide ratio control is based upon solution-concentration limits de- 
termined by the At developed of solutions‘ of alkali chlorides and 
hydroxides which show increasing solubility with temperature 
increase, beyond the critical temperature of water. This re- 
lationship is also discussed in Dr. Hall’s paper.* 

The 25,000-kw back-pressure turbine, which receives its steam 
from the high-pressure boiler, was dismantled in August, 1944, 
for internal examination and general repairs. No blade deposits 
were found, other than a slight film of iron oxide. 

During 1944, we found that, from time to time, there was sub- 
stantial carry-over from the evaporators. This has been cor- 
rected by the installation of steam scrubbers. Condenser leak- 
age, never relatively high, has been further reduced by retubing 
one of the two surface condensers. Studies inaugurated during 
1944 demonstrated that a certain part of the iron oxide found 
in the boiler sludges comes from the feed system. The results 
of several tests run recently indicate that deposits on the boiler 
tubes are loosely held together, and that approximately 75 per 
cent of these deposits can be placed in suspension and expelled 
through the blowdown system by operating the boiler at a drurh 
pressure of approximately 400 lb for not more than 24 hr. 

A summary showing general results as observed at various 
boiler inspections, during the periods of sodium and potassium 
boiler-water conditioning, is given in Table 2, 


CONCLUSIONS 


From our operation since 1942, we may draw the following 
conclusions: 

1 The forced-circulation boiler at Somerset Station is now an 
excellent commercial steam generator. 

2 With introduction of the potassium treatment, water con- 
ditions improved immediately, and the quantity of the sludges 


4 At is the temperature difference between the saturated steam in 
the boiler and the boiler-water film on an evaporative surface. 
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has decreased substantially. Some part of this improvement, 3 Since conditions remain so satisfactory without the feed of 
undoubtedly, was occasioned by changes in the feed system, but potassium silicate, and since there was some trouble while po- 
we feel a substantial amount can be credited to the change in  tassium silicate was being fed, we see no reason for its use in the 
boiler-water treatment. future 


The Coetticient of Herschel Type 
Cast-Iron Venturi Meters 


By W. S. PARDOE,! PHILADELPHIA, PA. 


N the past the A.S.M.E. Research Committee on Fluid Meters 
has published several plots of coefficients of Herschel Venturi 
Meters deduced by the author from experiments conducted 

in the Hydraulic Laboratory of the Civil Engineering Department 
of the University of Pennsylvania. On each occasion the curves 
were based on experiments to date. The accompanying 
curves, Figs. 1 and 2, are based upon eighty-six tests made during 
the years 1928 to 1943. 
The coefficient (C) of the Venturi meter is defined by the for- 
mula 
G, pees 
Vo Ji a7 / 29h, 
in which C is the coefficient; V2 is throat velocity in feet per 
second; 8 = ratio d2/d,; and h, Venturi head in feet. 


Vee 3 : 
If the frictional loss expressed as k ea be included in Bernoulli’s 


theorem, and a; and a» be coefficients of the corresponding velo- 
city heads to allow for the excess kinetic energy per pound 


Equating these expressions for V» 


c-y 


As the velocity at the throat V2 is quite uniform, the pipe factor 
is close to unity, and a2 may be assumed unity; a will vary with 
the pipe factor of the upstream pipe which is a function of f, 
0.3164 

Rn/4 ? 
Blasius, the pipe traverse follows the seventh-root law, the pipe 
factor being0.817, and a, = 1.056 as this is a factor of 64 a small 
number for usual ratios, a; will also be assumed unity. This 
reduces the formula to the simple expression 


1 — B 
a —a Byt+k 


after 


the friction factor. If the pipe is smooth and f = 


1 Professor, Department of Civil Engineering, University of 
Pennsylvania. 

Contributed by Special Research Committee on Fluid Meters 
and the Industrial Instruments and Regulators Division and pre- 
sented at the Annual Meeting, New York, N. Y., Nov. 27—Dee. 1, 
1944, of THe AMERICAN SocieTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 


the Society. 
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or 


k (l—8s) 
the effect of a being absorbed in k. 

The eighty-six tests are presented herewith in reverse chrono- 
logical order. The pertinent data obtained from these curves? are 
shown in Table 1: 


Column 1, size diameter of main and throat in inches. 

Column 2, ratio d2/d; = B 

Column 3, coefficient, C when constant. 

Column 4, value of Reynolds number at which C’ becomes con- 
stant. 

Column 5, values of & from Fig. 3. 

In Fig. 4, the value of k is plotted as ordinate and the throat 
diameter in inches as abscissa on log-log paper. Limiting lines 
are drawn and the arithmetic average gives the equation 


k = 0.0435 /d'/* 


Table 2 shows values of & and C for the various sizes in Figs. 1 
and 2. 

In Fig. 4 is also plotted the relation between throat diameter 
and Reynolds number for constant coefficient giving the equation 


R, = 115000d°-* 


The fourth column in Table 2 is obtained from this plot and the 
corresponding velocity for Temp = 68 F computed. 

The 1936 Oklahoma 4 X 2-in. tests gave information up to 
Reynolds number 2500. The curves between this and the flat 
parts were obtained by plotting about a dozen curves going to 
fairly low values and using them as guides in the connecting 
curves. 

Figs. 5 and 6 are typical curves of the 86 tests shown in 
Table 1. 

It may be suggested that the d-k curve in Fig. 3 is an area and 
not a curve but, as an error here of 50 per cent makes only an error 
of 1/2 of 1 per cent in C, it is fairly accurate at that. 


2Data for Table 1 was obtained from 86 curves similar to 
those shown in Figs. 5 and 6. 
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PARDOE—THE COEFFICIENT OF HERSCHEL TYPE CAST-IRON VENTURI METERS 


TABLE 1 DATA OBTAINED FROM TESTS 


wee 


TABLE 1 (continued) | 


TABLE2 VALUES FOR VARIOUS 
SIZES OF VENTURI METERS 
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Discussion 
M. M. Borpren.’ Since Jaboratory tests of the Venturi tubes 


referred to in the paper are of necessity limited to those of usual 
size, the paper is of further particular value for the estimation 
of C for other sizes and ratios which have not or cannot be tested. 
The lesser change of C for the increasingly larger sizes is im- 
portant. 

The trifling divergence of the test points from the curves for 
the two tubes whose ratings are shown reflects the 
test methods and operations. 


accuracy of the 


Since those conditions and details which determine the in- 
herent performance of the Venturi tube are all contained within 
its structure, its manufacturer may guarantee its C with it& tol- 
erance value. 

Nevertheless, due regard for the effect of upstream conditions 
upon C remains a mutual responsibility of the user as well as the 
maker, 

The author’s earlier paper? on effect of installation contains 
information of greatest value in this matter. 

Manufacturers and users of such Venturi tubes are greatly 
indebted to the author of the paper; the former for his critical 


8 Vice-President, Department of Engineering, Simplex Valve & 
Meter Company, Philadelphia, Pa. Mem. A.S.M.E. 

4“Tffect of Installation on the Coefficients of Venturi Meters,” 
by WS. Pardoe, Trans. A.S.M.E., vol. 58, 1936, pp. 677-684. 
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and painstaking investigation of those matters which determine 
the value of C, and the latter for the unbiased information as to 
coefhicient and effects thereupon of conditions ahead of its en- 
trance. 

The Venturi-tube proportions of the Company’s productionhave 
been adhered to closely throughout the entire range of sizes con- 
structed by it. Their surface roughness is practically the same, 
being controlled by the core material and finish, 


W. A. Carrpr.? Great credit is due for this excellent paper 
establishing the coefficient for the Herschel type of Venturi tube. 
It represents a tremendous amount of painstaking work and is of 
great value. 

It should be understood that at least two American manu- 
facturers of Venturi tubes build cast-steel units that do not con- 
form to the Herschel design and whose cocflicient curves do not 
conform to those given in this paper. 

It is hoped that the author will conduct further tests on this 
other style of Venturi tube and report the results as completely as 
he has done in this ease. 


I. O. Miner.® It has been customary ever since head meters 


5 Technical Engineer of Power Plants, 
pany, Detroit, Mich. Mem. A.S.M.E. 

°Chief Engineer, Builders-Providence, Inc., 
Mem. A.S.M.E. . 


The Detroit Edison Com- 


Providence, R. I. 
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were first used to calculate flow by means of a formula taking 
into account increase of velocity as a fluid passes from a pipe 
through a restriction and to provide a coefficient which takes into 
account all other effects. 

Various formulas have been proposed from time to time to 
segregate some of the factors in the coefficient. The author has 
given us formulas taking into account the variation in velocity 
across a section of the conduit and frictional loss between the 
upstream and the throat taps. He has correlated his formulas 
with the results of tests on 86 Venturi meters. He has done a 
great service to those interested in the manufacture and de- 
velopment of Venturi meters because he has given us a better 
insight into the reasons why Venturi tubes behave as they do. 

As pointed out in the paper, a, the factor taking into account 
the effect of uneven velocity distribution in the upstream pipe, is 
multiplied by the factor B*, and since the latter is quite small the 
error caused by assuming the pipe factor to be unity is extremely 
small. Furthermore, the constriction in a Venturi tube causes 
the velocity distribution at the throat to be nearly uniform, and 
if the pipe factor at the throat is assumed to be unity, the error is 
extremely slight. 

The latter effect is particularly interesting to the writer’s 
company because on special tubes made for installations with 
limited available space we have found that a special shape de- 
signed to give uniform velocity at the throat within very small 
limits produces much more consistent results than does the semi- 
elliptical shape of the A.S.M.E. long-radius nozzle. Unfor- 
tunately, we have not calibrated a sufficient range of sizes and 
throat-to-diameter ratios to make publication of results seem 
advisable as yet. However, more Venturi tubes of this special 
shape are being calibrated, and it is hoped that a full range will 
have been covered in another year or two. 

The author concludes with the statement, “It may be sug- 
gested that the d-k curve in Fig. 3 is an area and not a curve but 
as an error here of 50 per cent makes only an error of !/, of 1 per 
cent in C, it is fairly accurate at that.” 

If the author had had data from a sufficiently large number of 
tests he undoubtedly could have reduced the scattering of his 
plot in Fig. 4. The factor k represents the loss of head between 
the inlet and the throat. Certainly it is to be expected that as 
g varies, the coefficient k will also vary. If we take all of the 
tests reported in this paper for tubes having 


B = 5/3 or above 


we find that with one exception the points in Fig. 4 lie below the 
line 
k = 0.0485/d,9-° 


If we pick out the points for tubes having ratios below */s 
find that they all lie on or above the line 


we 


i) 


k = 0.0435 /d2°-?5 


Data from several hundreds of tests would be required to establish 
curves for k for several different ratios. 

We believe that if a sufficient number of curves were available 
to plot the experimental values of k for a series of 8’s we should 
also find it advantageous to include a; and a». As already men- 
tioned, a; is multiplied by a small quantity and therefore has 
relatively little effect. However, to offset this fact k, the quan- 
tity in which we’are interested, is also small so that even though 
the product a; 6:4 is small it still has an appreciable effect on k. 

As for ax, we are quite in agreement with the author that at 
small 6’s this can be assumed to be unity, but as 6 is increased 
the point must come where a: can no longer be considered unity 
without causing k to appear different from its actual value. 

It is hoped that when the urgency of meeting war requirements 


is past we shall be able to conduct experiments to study flow pat- 
terns with various roughnesses, inlet shapes, and upstream pipe 
conditions. If this opportunity ever occurs, we shall find this 
paper of great assistance in analyzing our results and we may be 
able to employ sufficient refinements to pin k down to a very nar- 
row band even though we are dealing with differences of small 
quantities, making the job extremely difficult. 

The question has been raised as to whether the results are any 
different from what would be obtained if the Venturi tubes had 
butasingle tap upstream and at the throat. It seems obvious that: 
there would be no difference as long as upstream piping condi- 
tions are good. However, if one refers to the previous work of 
Professor Pardoe on the effect of installation on the coefficients 
of Venturi meters,47 and to the joint A.G.A.-A.S.M.E. Com- 
mittee report on orifice coefficients,® he will find that the required 
piping upstream of a Venturi meter is much less than that with 
an orifice. The accompanying table 
values. 


shows representative 


Diameters of straight pipe 
——required upstream———— 


Upstream fitting B Venturi Orifice 
Decreaser sn gu cee 
Increaser fp 3 3 af 
Elbow { 4 e : A i 


The author warns us to use caution in applying his summary 
curves from which the values for Venturi tubes were taken, but 
the evidence is pretty conclusive that with increasers or decreasers 
considerably less straight piping is required for Venturi tubes 
than for orifices, and that for elbows the difference is in the same 
direction but much greater. 

The fact that with increasers and decreasers less straight pipe 
is required ahead of the Venturi than ahead of the orifices in- 
dicates that symmetrical abnormal velocity distribution has less 
effect with the Venturi, probably mainly because the ‘vena- 
contracta”’ is established mechanically and has a definite diameter. 
On the other hand, with the orifice not only do a, ax, and k vary 
but also the diameter and location of the yena-contracta proha- 
bly vary. 

The fact that with an elbow upstream of the Venturi the 
reduction in required straight piping caused by the substitu- 
tion of a Venturi tube for an orifice is so much greater than 
with an increaser or decreaser, may well be accounted for by 
the multiple vents. It is the writer’s belief that the number of 
vents in the upstream annular chamber of a Venturi tube should 
not be reduced below present practice but that the number of 
vents at the throat is superfluous. A single vent at the throat is 
sufficient up to 

8 = about 0.5 or 0.6 


and at higher 6’s two vents diametrically opposite are sufficient. 
The writer feels strongly that an investigation of the required 
number of vents is long overdue. A great deal of labor in an 
accurate Venturi tube is put into the making of the throat vents 
sharp without burrs or other defects. If one or two vents are 
sufficient then no more should be provided. The reason for 
believing that one or two vents at the throat are sufficient is, 
of course, the effect of the reducing section of the Venturi tube 
in causing the throat velocity to be nearly uniform. 

7 Discussion of W. 8. Pardoe’s paper (ref. 4), Trans. A.S.M.E., 
vol. 59, 1937, pp. 750-756; also see ‘Effect of Installation on the 
Coefficients of Venturi Meters,’’ by W. S. Pardoe, Trans. A.S.M.E., 
vol. 65, 1943, pp. 337-349. 


8 Report by the Joint A.G.A.-A.S.M.E. Orifice Coefficient Com- 
mittee, Nov., 1935. 
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AvutTHor’s CLosur® 


Mr. Borden brings out the fact that in extrapolating results 
for larger Venturi meters the author cannot be far wrong as the 
coefficient cannot approach unity even for very large meters. 

Mr. Carter’s plea for similar curves for short steel Venturi 
nozzles is quite understandable but the author regrets that it will 
be a long time at present rate of testing such meters before he 
will have sufficient data. In the meantime each such meter 
should be calibrated if a high degree of accuracy is desired. 

Dr. Miner brings out the effect of ratio very nicely. 
author has suggested the theoretical formula 


The 


1 — B,! 
0.9375 


os sh! aie 
Laat Om 


C, = 
—= 0.9375 


as of use temporarily for values of 8 other than 0.5. He regrets 
he has insufficient data on which to base a practical imperial 
formula for the effect of ratio on the coefficient, but it is very 
small up to 8 = 0.625. 

Values of 6 above 0.75 should be used with much caution and 
always should be calibrated with the upstream pipe used in the 
permanent setup. 

The author agrees with Dr. Miner with regard to multiple 
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upstream vents but must disagree with his conclusions about 
throat vents. Recent unpublished experiments on the diameter 
of six throat vents varying from !/sin. to Lin. ina 10 X 5-in. Ven- 
turi meter indicate that the correct diameter of the vents is zero; 
hence if for no other reason than to get sufficient area he would 
use multiple vents not over !/3 in. diam. With this small di- 
ameter the task of getting them flush, square, and sharp should be 
much easier. 

The author desires to thank Messrs. Borden, Carter, and 
Miner for their constructive discussions. Also thanks for 
“them” kind words about his contributions. 

At this time he would like to suggest the following names for 
these meters: 

The Venturi meter for those which conform in the upstream 
section to the proportions laid down by Mr. Clemens Hirschel 
as published in the Transactions of the American Society of Civil 
Engineers, 1887. 

The Venturi nozzle for meters of other shapes and proportions 
using an expanding downstream section. 

The Insert Venturi nozzle for those having expanding down- 
stream sections and inserted between pipe flanges. 

The Flow nozzle for meters using no expanding downstream sec- 
tion with either throat or wall taps. 


Piping Arrangements for Acceptable 
Flowmeter Accuracy 


By R. E. SPRENKLE,! CLEVELAND, OHIO 


The author correlates data previously published on 
metering fluid flow through pipe lines and analyzes the re- 
quirements for piping arrangements, according to inter- 
pretations developed from many actual field installations. 
Most of the recommendations given in the literature are 
based on standards of piping requirements established 
by the Joint A.G.A.-A.S.M.E. Committee on Orifice Co- 
efficients. These standards as well as others obtained since 
that report was published in 1935 are shown in this paper 
in the form of seven schedules covering the use of “Ori- 
fices and Flow Nozzles,’”’ and an eighth schedule, applying 
to ‘Venturi Tubes” only. These schedules serve as the 
basis for developing typical piping layouts which are de- 
signed to interpret and clarify the principles involved from 
a practical application standpoint. ; 


that the flow approach the orifice, flow nozzle, Venturi tube, 

Pitot tube, or other type of primary element, in a normally 
turbulent state. It must not be influenced by swirls, crosscur- 
rents, eddies, or other disturbances which create helical paths of 
flow. Nor can there be any disturbance following the primary 
element, which would in any way cause interference with the 
statie-pressure measurement at that point. 

These conditions can best be controlled by providing adequate 
lengths of straight pipe on both sides of the orifice or other pri- 
mary element. The necessity for doing this has long been recog- 
nized in fluid-flow literature (1, 2, 3, 4, 5, 6, 7, 8).? 

It is interesting to note that most of the recommendations 
given in these several papers and articles have been based on the 
standards of piping requirements established by the Joint A.G.A.- 
A.S.M.E. Committee on Orifice Coefficients, which appear as 
sketches 1 to 5 of its 1935 Report. 

In general these standards have been found quite satisfactory 
when properly used. It is only natural though that in their ap- 
plication to specific meter installations, many questions of inter- 
pretation should have arisen. Furthermore, additional data 
have been obtained from researches at the author’s company, at 
the University of Pennsylvania, at the Case School of Applied 
Science, and at other sources, which both add to and make more 
clear these original standards. 

It is the purpose of this paper therefore not only to correlate 
these data with those previously published but also to furnish a 
reasonable interpretative analysis of these requirements as re- 
fiected by results obtained from many actual field installations. 

In doing this, however, the author hastens to disclaim any in- 
tention of implying that everything is now known about suitable 
piping recommendations for any and all combinations of fittings, 


[ metering any fluid through a pipe line, it is most important 


1 Hydraulic Engineer, Bailey Meter Company. Mem. A.S.M.E. 

* Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by Special Research Committee on Fluid Meters 
and the Industrial Instruments and Regulators Division and pre- 
sented at the Annual Meeting, New York, N. Y., Nov. 27-Dec. 1, 
1944, of Toe American SocteTy or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


bends, and turns with straight and curved pipe sections, On the 
contrary, this paper should be considered only as a progress re- 
port based on experiences gained thus far both in the laboratory 
and in the field. As a matter of fact, this subject well merits a 
great deal more research and field investigation before we can be 
sure all the standards established and the interpretations thereof 
can be considered as fully proved and beyond reproach. It is 
sincerely hoped that when such additional data are obtained 
they will be made public at first opportunity. 


PIPING-REQUIREMENT STANDARDS 


For convenience in presenting the piping-requirement stand- 
ards published in the A.G.A.-A.S.M.E. Report in 1935, together 
with the additional data obtained since then, eight piping groups 
or schedules have been set up, as shown in Fig. 1. The first sev- 
en schedules cover the use of orifices and flow nozzles, while 
the eighth applies only to Venturi tubes. Each schedule, ex- 
cept the eighth, shows the minimum lengths of straight pipe re- 
quired for that particular pipng arrangement, both on the inlet 
and on the outlet sides of the orifice or flow nozzle. Alternately, 
it also shows the lengths of straight pipe required on the inlet side 
when straightening vanes must be used in lieu of the longer runs 
of straight pipe. 


Pipinc on INLET SIDE 


(a) Orifices and Flow Nozzles. It willbe apparent at once on ex- 
amining Schedules 1 to 7, that the minimum required lengths of 
straight pipe on the inlet side of the primary element increase 
rapidly with (a) the diameter ratio of the primary element, and 
(b) with the complexity of the piping arrangement preceding the 
straight run. On the other hand, the length of straight pipe on 
the outlet side varies but little with these or any other factors. 

The simplest arrangements, shown in Schedule 1, may include 
any fitting such as an elbow, tee, Y-fitting, drum or tank, sepa- 
rator or strainer, expansion joint, long-radius bend, etc. In the 
case of tees and Y-fittings, the flow can enter either one end or the 
side, provided the other end is blanked off. Also note, a second 
fitting cannot be closer than 6 diam to the first and in the same 
plane, except in the case of large-diameter vessels or separators. 

When two or more fittings, producing a change in direction of 
fluid flow, are adjacent to each other, and in the same plane pre- 
ceding the straight pipe ahead of the primary element, somewhat 
longer runs of straight pipe are required on the inlet side of the 
primary element. These are shown in Schedule 2. Note that el- 
bows or tube turns require slightly more straight pipe than long- 
radius bends. In this schedule can be included all expansion 
bends and U-bends, since the directional changes thereby pro- 
duced are in the same plane even though the bend itself may be 
a single fabricated section. 

Schedules 3 and 4 show that considerably longer runs of 
straight pipe are required when two preceding fittings are at right 
angles with each other. When the fittings are separated by at 
least 10 diam of straight pipe, the disturbance created by the first 
fitting is partially eliminated by this pipe before reaching the 
second. Therefore, shorter lengths can be used, as indicated in 
Schedule 3, as compared with the longer lengths required when 
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SPRENKLE—PIPING ARRANGEMENTS FOR FLOWMETER ACCURACY 


the fittings are immediately adjacent, as illustrated in Schedule 4. 

Because of the abrupt change in direction produced by two 
elbows or tube turns at 90 deg to each other, compared with the 
more gradual change caused by two long-radius bends, considera- 
bly more straight pipe is required on the inlet side for elbows and 
tube turns than for long-radius bends. This is true whether 
there is straight pipe between these turns or bends, or 
whether they are immediately adjacent to each other. 

Research so far has been entirely confined to turns or bends in 
the same plane, and at 90 deg to each other. Until such time as 
additional data are forthcoming, we recommend that the piping 
requirements of Schedules 3 and 4 be followed, when the bends 
are not in the same plane. 

Attention should be called in Schedule 5 to the fact that the 
lengths shown apply only to the lengths of the increased- or de- 
creased-diameter pipe and not to their required over-all lengths of 
straight pipe. Such over-all or total lengths depend entirely 
on the nature of the fittings, valves, etc., which precede. For 
example, in the case of expanding an 8-in. pipe to 10 in., a 75 per 
cent diameter ratio orifice located in the 10-in. line would require 
14 diam of 10-in. pipe, as shown in Schedule 5. If, however, two 
adjacent long-radius bends of 8-in. pipe, at right angles to each 
other, precede the expanded section, the total length of straight 
8-in. and 10-in. pipe would be determined from Schedule 4, which 
in this case would be 26 diam. Thus there would be required a 
total of 14 diam of 10-in. pipe, plus a sufficient length of 8-in. 
pipe to make up an equivalent total length of 26 diam of 10-in. 
pipe. 

When air is being measured in an atmospheric intake, the ori- 
fice or flow-nozzle installation should be made as indicated in 
Schedule 6. To avoid undue fluctuation of the meter or manome- 
ter, straightening vanes should be installed as indicated, al- 
though if a tubular air conditioner is used at the atmospheric 
inlet, a straightening vane may not be required. To avoid ex- 
cessive entrance losses, it is also best to provide a bellmouthed 
inlet. 

Regulators and reducing valves, illustrated in Schedule 7, re- 
quire more straight pipe between them and the primary element 
than any other type of valve of which we have knowledge; in 
fact the preferable location for any regulating valve is 6 or more 
diameters following the primary element, rather than preceding it. 
In this connection, also, other fittings cannot immediately precede 
a wide-open gate valve if only the short length A is available 
between the gate valve and the primary element. 

(b) Venturt Tubes. As indicated, the data on Venturi-tube 
piping requirements, as shown in Schedule 8, was obtained en- 
tirely from Prof. W. 8. Pardoe’s papers (8). His last paper sup- 
plied figures* which were cross-plotted on the basis of diameter ra- 
tio versus the lengths of pipe required to eliminate all disturb- 
ances created by fittings preceding the straight pipe. Since the 
piping arrangements used by Professor Pardoe were not exactly 
the same as indicated in Schedules 1 to 7, they are shown sepa- 
rately in Schedule 8, together with the lengths of straight pipe 
required for each. 

(c) Pitot Tubes. While no specific research and very little 
actual field experience have come to the author’s attention cover- 
ing piping requirements for Pitot tubes, it is reasonable to as- 
sume, until proved to the contrary, that piping requirements for 
this type of primary element should be at least as stringent as for 
orifices and flow nozzles. In fact there is some field evidence to 
indicate even longer runs of straight pipe are desirable on the 
inlet side, unless traverses are run to determine the point of av- 
erage velocity, ete. More research and field experience are ob- 
viously needed to clarify this point. 


* Reference (8) Trans. A.S.M.E., vol. 65, 1943, pp. 337-349. 
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STRAIGHTENING VANES 


While straightening vanes are shown as alternative arrange- 
ments in each schedule, permitting shorter lengths of straight pipe 
on the inlet side, they should not always be considered as en- 
tirely equal to the longer runs of straight pipe in reducing flow 
turbulence. Especially is it desirable to limit their use to mod- 
erate line velocities, pressures, and temperatures, since applica- 
tion to high-pressure and high-temperature service involves spe- 
cial designs and materials to provide a safe installation. The pref- 
erable arrangement, no matter what the operating conditions 
may be, is to provide whenever possible the lengths of straight 
pipe specified in the schedules described, without resorting to the 
use of straightening vanes. 

The recommended general design of straightening vanes is 
shown in Fig. 2. On cross section it resembles an ‘‘egg crate,’ 
with the spacings between plates not more than from '/3 to 1/4 
the inside pipe diameter. In measuring air in the atmospheric 
intake, as shown in Schedule 6, this spacing should be 11/5 in. 
to 2 in., regardless of pipe size. 


THIS FLANGE OPTIONAL 


2- DIAMETERS 


Fie. 2 Battery METER STRAIGHTENING VANE 


PipiInG ON OUTLET SIDE OF ORIFICES AND FLow Nozz.L3Es 


From 2 to 4 diam of straight pipe are normally sufficient on the 
outlet side, as shown in Schedules 1 to 7, assuming a fitting, bend, 
or wide-open gate valve follows these 2 or 4 diam. Should a con- 
trol valve, regulator, stop check valve, or partly throttled gate 
valve closely follow the primary element, then at least 5 and 
preferably 6 diam should follow the orifice or the nozzle. 

From the table in Fig. 1, it will be noted certain fittings can 
replace the straight pipe on the outlet side. While this list in- 
cludes the use of seven different fittings up to a 50 per cent diam 
ratio, only wide-open gate valves and long-radius bends can im- 
mediately follow the orifice or nozzle at ratios in excess of 70 per 
cent. Incidentally, however, due to lack of physical clearances, it 
is impossible to install flow nozzles at the inlet to gate valves un- 
less the face-to-face dimension is at least 18in. In any case, it 
should be remembered that the preferable arrangement is the use 
of straight pipe immediately following the primary element. 


THERMOMETER WELLS, NrppiEs, Etc. 


All thermometer wells, bulbs and sockets, thermocouples, re- 
sistance elements, etc., must be located at least 6 diam follow- 
ing the orifice or nozzle on the outlet side, or not less than 15 
diam preceding it on the inlet side. The preferable location is 
on the outlet side. 

When thermocouples are embedded in the pipe wall in such a 
way as not to protrude into the pipe area, they may be located 
wherever desired. 


GENERAL 


Attention is called again to the fact that the lengths of pipe 
indicated in Schedules 1 to 8 are the minimum required in each 
case, and not the maximum. For best accuracy in metering, it is 
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always desirable to provide the longest lengths of pipe possible, 
especially when the complete piping system on the inlet side in- 
cludes a number of bends or fittings in different planes. It must 
be remembered that it is impossible, from a metering standpoint, 
to provide too much straight pipe. 


TYPICAL PIPING ARRANGEMENTS 


Experience has indicated that the ‘Piping Requirement Stand- 
ards,” as shown in Schedules 1 to 7, are not sufficiently complete 
and precise in themselves to enable one always to choose the cor- 
rect location of an orifice or a flow nozzle in any particular piping 
layout. Further clarification or interpretation thus appears de- 
sirable in order to translate these standards into typical cases. 
To this end the author believes the diagrammatic sketches shown 
in Figs. 3, 4, and 5 will be helpful, particularly if the meter en- 
gineer is given the opportunity of assisting in laying out the pip- 
ing before it is purchased and erected. 

A few pertinent comments regarding some of these arrange- 
ments may be of assistance in understanding their application 
fully. 

From arrangements Nos. 1 and 2, Fig. 3, it will be noted that a 
long-radius bend can itself be considered as so much developed 
straight pipe under Schedule 1, only if it is preceded by at least 
10 diam of straight pipe. It cannot be so considered if it is pre- 
ceded within a short distance by any fitting or valve or by another 
long-radius bend. Also note that in arrangement No. 1, an ori- 
fice or nozzle of a diameter ratio of 75 per cent or less can be 
placed at the outlet of a long-radius bend. 

Arrangements Nos. 5 to 12, inclusive, emphasize the necessity 
of having long lengths of straight pipe when there are multiple- 
entrance flows or when the flow divides into one or more streams 
ahead of the primary element. Multiple-entrance flows in par- 
ticular are quite apt to produce swirls or disturbances which are 
particularly difficult to eliminate. In a few instances, it has been 
found necessary to use a combination of these long lengths to- 
gether with straightening vanes to obtain entirely satisfactory 
metering conditions. 

Nos. 14, 15, and 16 illustrate the fact that with at least 6 diam 
of straight pipe between two long-radius bends, elbows, or tube 
turns in the same plane, the required lengths of straight pipe 
following the last fitting need be only that corresponding to Sched- 
ule 1. On the other hand, if the second fitting immediately or 
very closely (less than 6 diam) follows the first fitting, then Sched- 
ule 2 applies, as shown in arrangement No. 13. 

The isometric views in Fig. 4 depict a few typical arrangements 
where the component bends are not in the same plane. All of 
these require lengths of pipe corresponding to Schedule 3 or 4, 
depending upon whether there is sufficient straight pipe between 
the preceding bends or not. 

A number of typical boiler outlets are shown in Fig. 5, both 
coming directly off the boiler drum, and starting with the super- 
heater outlet. 

Since these boiler leads usually are rather short in length, it is 
necessary to start the study of the piping layout at the drum or 
superheater outlet. This is particularly true of those cases where 
the steam-flow orifice or nozzle must be located in the outlet from 
the boiler drum, as shown in Nos. 26 to 31, inclusive. 

Note that in all cases when bends or turns closely follow the 
angle stop check valve, as in Nos. 28, 29, and 30, this valve is 
considered as having the same effect as an elbow, thus requiring 
the lengths of straight pipe as called for under Schedules 2, 3, or 4, 
as the case may be; whereas when straight pipe immediately 
follows the valve as in No. 27, and when the orifice or nozzle can 
be located in this straight pipe, the requirements of Schedule 7 
for stop check valves apply. 
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When the angle stop check valve follows the superheater out- 
let in a plane at right angles to the outlet, the requirements of 
Schedule 4 apply, regardless of the fact that the orifice or nozzle 
can be located in the straight pipe immediately following the stop- 
check valve. This is shown in arrangement No. 34, as contrasted 
with No. 27 in which Schedule 7 applies, because the angle check 
valveis not preceded by a bend or elbow, but by the boiler drum. 


CONCLUSION 


Of course it must be realized that the Piping Requirement 
Standards, Schedules 1 to 8, supplemented by the typical ar- 
rangements shown in Figs. 3, 4, and 5, cannot possibly cover every 
conceivable installation. We trust, however, they will illustrate 
the principles involved with sufficient clarity and completeness, 
and that, with the exercise of a little imagination and common 
sense, the engineer can project any specific case into one or the 
other of these schedules or diagrammatic arrangements with 
reasonable assurance of obtaining a satisfactory meter installa- 
tion. 


BIBLIOGRAPHY 


1 “The Effects on Orifice Meter Indications of Various Pipe 
Fittings Near the Orifice Plate,’’ by H. S. Bean, Western Gas, vol. 5, 
1929, pp. 30-32. 

2 ‘Durchflusszahlen von Diisen und Stauranden,”’ by R. Witte, in 
Technische Mechanik und Thermodynamik, vol. 1, 1930, pp. 34-41; ,72- 
85; 113-120. 

3 ‘History of Orifice Meters and the Calibration, Construction, 
and Operation of Orifices for Metering,’’ Report of the Joint A.G.A.- 
A.S.M.E. Committee on Orifice Coefficients, 1935. 

4 “Influence of Steam Flow Metering Equipment on Piping 
Design,”’ by R. M. Van Duzer, Jr., Mechanical Engineering, vol. 60, 
1938, pp. 8384-836. 

5 “Flow-Measurement—1940,’”’ Report of Instruments and Ap- 
paratus Committee No. 19, A.S.M.E. Power Test Codes. 

6 “Installation Requirements for Head Meters,’’ by H.S. Bean, 
Heating, Piping and Air Conditioning, vol. 13, 1941, pp. 741-746. 

7 ‘Selection and Installation of Flow Meters,’’ by R. E. Sprenkle, 
Instruments, vol. 15, 1942, pp. 75-82. 

8 “The Effect of Installation on the Coefficients of Venturi 
Meters,’”’ by W. S. Pardoe, Trans. A.S.M.E., vol. 58, 1936, pp. 
677-684; discussion, vol. 59, 1937, pp. 750-756; vol. 65, 1943, pp. 
337-349. 


Appendix 


DETERMINATION OF DIAMETER RATIO 


Since all piping-requirement schedules, as well as all other con- 
siderations of fluid-flow problems, involve the use of diameter ra- 
tio B, it is necessary that the prospective user be able to determine 
what the approximate ratio will be for any particular case. 

Diameter ratio B is the ratio of the diameter of the orifice, flow 
nozzle, or Venturi-tube throat d, to the internal pipe diameter D, 


or * and is an approximate function of capacity factor ZH. This 
factor in turn depends on the desired flow capacity, pressure. 
temperature, specific gravity, meter differential head, and pipe 
size, which factors are expressed by flow Equations [1] and [2] as 
follows 

For steam 


Vs, vol. me 


For air, gases, and liquids 
Ww 


Se eee if 
V hy, X p D*® 
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in which 

H = capacity factor 

W = weight of flowing fluid, lb per hr 

h, = differential head of meter in inches of water at 68 F 

p = the density of the flowing fluid, lb per cu ft 

D = internal pipe diameter, in. 

Sp. vol. = specific volume of steam 


The approximate relation between ‘diameter ratio” and “‘ca- 
pacity factor #,” for vena-contracta pressure connections, is shown 
in the right-hand logarithmic curve included as a part of Figs. 
6, 7, and 8. Note that, for a given diameter ratio, the value of 
capacity factor # is considerably greater for a flow nozzle than 
for an orifice. Conversely, for any given value of capacity factor 
E, the diameter ratio B of a flow nozzle is lower than that of an 
orifice. This means that for the same capacity, pipe size, and all 
other conditions, the flow nozzle requires shorter lengths of 
straight pipe preceding, because of its smaller diameter ratio, or 
again it may permit the use of either a smaller-size pipe, smaller 
differential-head meter, or of the measuring of a higher maximum 
flow. 

On the other hand, the thin-plate orifice is considerably cheaper, 
especially in the larger sizes, is easier to replace with another 
plate in the event of a capacity or other change, and its accuracy 
is of the highest order because of its thorough investigation by 
many experimenters. The orifice should be used, therefore, 
whenever and wherever possible. 


Us oF DIAMETER-RATIO DIAGRAMS 


While the capacity factor # can be calculated by either Equa- 
tions [1] or [2], and the corresponding approximate diameter 


5 w : : , 
ratio — of either the orifice, flow nozzle, or Venturi tube can be 


obtained from the right-hand section of Figs. 6, 7, and 8, it is usu- 
ally more convenient and quicker to use the complete nomogram 
diagrams included with these figures. It should be understood, 
however, that these equations or diagrams should not be used for 
fina] design of any orifice, flow nozzle, or Venturi tube, but for 
estimates of approximate sizes only. 

While each diagram is complete with examples illustrating its 
use, the following supplemental information may be found 
helpful. 

Pressures intermediate to those shown on the curves at the 
left of the V-scale in Fig. 6 can be plotted linearly between adja- 
cent curves. Or, if preferred, the specific volume for any pressure 
and temperature condition can be obtained from steam tables,‘ 
from which these curves were derived, and spotted on the V-scale 
for use in solving the particular problem. 

The curve showing densities of water was taken from an 
A.S.M.E, research report,® and the curve showing petroleum-oil 
densities was plotted from data published by the Kansas City 
Laboratory. 

The lines of specific gravity for variation in temperature, shown 
at the bottom of the density curves, were taken from the same 
publication’? and are reproduced herewith with the publisher’s 
permission. 

The extension of the density line from 62.37 to 80 lb per cu ft 
allows the use of the nomogram for oils and liquids having specific 
gravities greater than 1, 

In solving any air- or gas-flow problem, first determine the 


4“Steam Tables,’’ by J. H. Keenan and F. G. Keyes, A.S.M.E., 
New York, N. Y., 1930. 

5 A.S.M.E. Research Report on Fluid Meters, part 1, 1937, Fig. 59. 

6 Handbook of Petroleum Asphalt and Natural Gas, Bulletin 
No. 25, 1928 revision, Kansas City Laboratory. 

7 Ibid., Fig. 137. 
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density from the nomogram, Fig. 9. Note that in applying the 
pressure component in this figure, only the absolute pressure 
scale P is used in determining the density of dry gas. However, 
when fully saturated gas is being metered, it is necessary to use 
the temperature-versus-gage-pressure curves to the right of the 
absolute-pressure scale P, disregarding the numerical values on 
the absolute-pressure scale itself. Linear interpolation between 
adjacent pressure curves is satisfactory for intermediate-pressure 
values. 

The W or flow seale in Fig. 8 is based on a specific gravity of 
1.00. It is necessary therefore to multiply the desired capacity 
in cubic feet per hour by the specific gravity of the gas and apply 
the resulting figure to the W scale in using this nomogram. 

It must also be understood that this diagram can be used only 
when the air or gas volume W is referred to standard conditions 
of 30 Hg and 60 F. 

Note that the temperature-versus-pressure curves to the right 
of the PT scale in Fig. 8 are used only with saturated gas and 
that the value of 1.00 on the PT scale is the only one used with 
dry gas or air. 

In the event the gas is partially saturated, proportional inter- 
pretation between dry gas and 100 per cent saturated-gas ca- 
pacity factor # is sufficient. For example, if in example 1, Fig. 
8, the gas were 50 per cent saturated, first proceed exactly as 
shown in example 1. Then determine the capacity factor EF as if 
the gas were dry, as in example 2. The correct capacity factor 


138 + 128 
E for 50 per cent saturated gas would then be ee late or 133. 


D1iamMeErer-Ratio Limits 


It will be noted that the curve for orifices stops at a maximum 
diameter ratio of 85 per cent. In like fashion the flow-nozzle 
curve stops at 81 per cent, and the Venturi curve at 75 per cent. 
Due both to the lack of complete and reliable coefficient data for 
ratios higher than these and to the much increased sensitivity 
of primary elements to preceding piping arrangements, higher ra- 
tios than these limits are not recommended. 


SELECTING THE METER DIFFERENTIAL 


In solving the nomograms or Equations [1], [2], it is necessary 
first to determine the differential head h» of the meter, required 
to handle that particular flow problem. 

The standard differentials for which Bailey meters for steam 
and water are built are 131/,in., 53 in., 120 in., 212 in., and 331 in. 
of 68 F H,O. These are shown in larger type on the hw scales 
in Figs.6 and 7. The differentials most commonly used are 53 in. 
and 120 in. The selection in most cases should thus tentatively 
start with the 53-in. differential. 

Similarly the standard differentials for Bailey gas and air me- 
ters are 2 in., 4in., 6 in., 8 in., 14.3 in., 57.2 in., and 129.6 in. of 
68 F water, as shown in Fig. 8. The differentials used com- 
monly are 2 in., 4in., and 8 in. 

If, in the case of a 53-in. differential steam or water meter, the 
orifice ratio exceeds 85 per cent but the flow-nozzle ratio is less 
than 81 per cent, then the engineer has the option either of using 
the flow nozzle or of increasing the meter differential to 120 in. 
and using an orifice. If both orifice and flow nozzle exceed their 
maximum diameter-ratio limits, then it will be necessary to use 
either a 120-in. meter with a flow nozzle, if this combination 
gives a diameter ratio of 81 per cent or less, or an even higher head 
meter such as a 212 in. or 331 in. if required. 

In this connection, it is important to point out that the net 
unrecovered pressure loss due to metering increases both with an 
increase in differential head, and with a decrease in diameter ra- 
tio. Such losses can be determined for orifices and flow nozzles 
from the L scale on the extreme right-hand side of Figs. 6, 7, and 
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8. For example, if a 212-in-head meter were selected instead of a 
53 in., in the example given in Fig. 7, the resulting orifice diame- 
ter ratio would have been approximately 62 per cent. By pro- 
jecting horizontally to the right on the L scale, the net unrecov- 
ered pressure loss at maximum capacity would be 60 X 212 or 
127.2 in. H,0 or 4.6 lb. 

While the diameter ratio of the orifice using the 53-in. head 
meter is approximately 80.5 per cent, the net unrecovered loss is 
considerably less, since it would be 39.2 X 53 or 20.8 in. H,O or 
3/, lb. If the 4.6 lb were not prohibitive andif the piping layout 
were such as not to allow the use of a higher diameter ratio than 
62 per cent, then the 212-in. meter could be used. Should it be 
desirable to limit the loss to not more than 3/, to 1 Ib and if the 
piping layout permitted the use of an 80.5 per cent ratio orifice 
(or a 68 per cent ratio flow nozzle), then the 53-in. meter should 
be used. 

When there is a choice between two different head meters or 
between an orifice or a flow nozzle, the ultimate decision in most 
cases will depend upon the cost involved. In general, the higher 
the meter differential the higher is the cost. Similarly, flow noz- 
zles are more expensive than thin-plate orifices. Naturally, 
therefore, the lower-differential-head meters and thin-plate orifices 
are chosen whenever possible. 

When they are inadequate to handle the specific problem at 
hand, then it is a question of determining which combination of 
higher head meter, with an orifice or with a flow nozzle, will cost 
the least and still meet all requirements for a satisfactory instal- 
lation. 


Discussion 


S. R. Berrtpr.8 This paper presents the first discussion of a 
problem which has been bothering many measurement engineers 
for a long time and which has not been covered in previous work 
of this sort, that is, the effect of two upstream disturbances. 
It is apparent on studying the effect of disturbances on meters 
that, if the disturbances are some distance apart, they will have 
a different effect than if they are close together. It has been diffi- 
cult to get data on the effect of multiple disturbances because of 
the extremely large number of possible arrangements of these 
disturbances. This paper represents a start in this direction, 
and the data that are presented will enable the measurement en- 
gineer to determine whether or not it will be possible to make 
accurate measurements for piping conditions where previous 
knowledge would indicate that these measurements could not be 
made. 

Attention might be directed to matters such as (a) a definition 
of the condition which has been called “normally turbulent state 
of flow;’’ and (6) the effect of straightening vanes. In some 
cases the flow in a pipe line may be quite different from others, 
owing to the effect of pipe roughness and of piping conditions 
in the line to the meter so that the boundary layer may be con- 
siderably thicker for one condition than it is for another. The 
thickness of this layer undoubtedly has considerable effect on 
the measurement. 

Straightening vanes, if improperly installed, or installed after 
improper fittings are applied, may increase rather than decrease 
the length of straight pipe required. It can readily be seen that, 
if the flow is such that there is a high velocity on one side of the 
pipe parallel to its axis, the effect on the straightening vanes will 
be to cause this irregular flow to continue on down the pipe line, 


3 Professor of Hydraulic Engineering, Ohio State University, Co- 
umbus, Ohio. Mem. A.S.M.E. 


Because of this fact, straightening vanes are at times a hindrance 
rather than a help in getting better measurement conditions, and 
considerable judgment is required in deciding whether or not they 
should be installed. 

The nomographic charts which are a part of this paper are cer- 
tainly an aid in computing measurement problems and their pub- 
lication should be of great interest to the industry. 


W. A. Carter.’ The author is to be commended for his 
thorough treatment of the subject, and it is recommended that it 
be printed in pamphlet form in order that it may be put in the 
hands of piping designers. Such a guide has been needed for a 
long time in order to avoid the installation of piping systems that 
are ill-suited to the accurate measurement of fluid flow, 

The writer would ask: Are the recommended lengths of straight 
pipe ahead of orifice plates, flow nozzles, and Venturi tubes 
dependent upon the Reynolds number of the fluid stream? 


W. S. Parpor.”” 
to layout engineers. 

In his Schedule 8, the author gives in part some deductions 
from the work of the writer. He did not include the results shown 
in Figs. 13 and 14, being the effect of two elbows in planes at right 
angles with and without cross-straightening vanes. 

At no point does the author give any values of errors involved 
if the flowmeter is set with less than the prescribed length of 
straight pipe ahead of it. Figs. 10 to 14, inclusive, of this dis- 
cussion give such values for Venturi meters of the Herschel type. 
They should be reasonably correct for all flow nozzles with throat 
taps. Note that the cross-straightening vane used in Fig. 14 is 
quite effective when compared with Fig. 13. 

Fig. 15, herewith, shows the effect of vortex flow at various 
angles on the coefficient of a 2-in. X 1-in. special Venturi meter. 
The setup is shown in Fig. 16. 

In Fig. 16, a single straightening vane 2 in. X !/s in. X 12 in. 
long removed the vortex and brought the coefficient back to 
normal for all angles of whirl. Also a vane 2 in. X '/sin. X 3 in. 
long was not entirely effective. 

Fig. 17 shows in a dotted line the effect of a partially opened 
gate valve 2 in. ahead of the Venturi meter. If the distance is 
increased to 12 in. (6 diam), there is no effect on the coefficient. 
This is as might be expected for a Venturi ratio 8 = 0.5. 

Fig. 18 shows that a gate valve may be placed immediately 
after an 8-in. X 5-in. Venturi meter (a large ratio 8) without 
in the least affecting the coefficient. The full line shows the 
normal coefficient, and the points the various openings of the 8-in. 
valve. 

In Fig. 19 is shown the coefficient of the 2-in. X 1-in. Venturi 
meter for various angles of whirl plotted from Fig. 15. The co- 
efficient falls as the angle decreases. Also in this figure is shown 
a similar curve for a 2-in. X 1-in. orifice. Note that the co- 
efficient rises, becomes normal at 45 deg, and then falls off as 
does that of the Venturi meter. This is probably due to the 
centrifugal force enlarging the vena contracta thus getting a 
greater flow although a lower axial velocity. 

Fig. 20 is a test of the Bailey Meter Company and University 
of Pennsylvania straightening vanes. They are both equally 
effective in destroying the 50-deg vortex and returning the co- 
efficient of the Venturi meter to normal. It would appear that 
the latter is the simpler construction. 


9 Technical Engineer of Power Plants, The Detroit) Edison Com- 
pany, Detroit 26, Mich. Mem. A.S.M.E. 

10 Professor, Department of Civil Engineering, University of Penn- 
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Rk. J. S. Picorr.'! | When the purchaser of a meter buys a 
Venturi tube, nozzle, or disk orifice, plus a recording secondary 
instrument of some kind, he is not in any case buying the entire 
meter but only the primary and secondary elements. He pro- 
vides the rest of the meter in the piping when he installs it. It 
cannot be said too often or too emphatically that the accuracy 
of the meter will be influenced considerably by the character of 
the piping with which it is associated. It is quite obvious that, 
although a very considerable amount of money has been spent 
both by organizations like our own and by individual users and 
manufacturers, our knowledge of the effect of piping additions 
is as yet incomplete, and we must work as well as we can with the 
We have advanced a considerable 
distance in the last 30 years. In the early days after the in- 
troduction of orifice meters as a commercial business in this 
country, there were many cases where an orifice or a nozzle might 
be placed on the side outlet of a tee. We now know better. 

Perhaps it should be said that the approach to the meter should 
be normal in turbulence and not in any way distorted. Actually 
there is no change in average turbulence in the approach to a 
meter with any of the piping systems described. What does 
happen, however, is that the local turbulences which vary across 
the section of pipe change their value and their position. Per- 
haps another way of putting it would be to say that the approach 
to the meter should have, as nearly as possible, the normal 
velocity traverse of flow in a straight pipe. 

With regard to straightening vanes these have been useful 
in the majority of cases as an aid to producing normal flow ahead 
of the meter primary element. Basically their major purpose 
is to eliminate rotational effects or helical swirls, and theoreti- 
cally at least they would have little effect in eliminating a dis- 
torted velocity traverse such as occurs directly after an elbow. 
However, any resistance does tend to average out even this type 
of distortion, and all of the straightening vanes have some [ric- 
tion resistance which is higher than that of the pipe in which they 
are placed. We have found in particular cases that one of the 
best devices for suppressing distortion is an eccentric disk orifice 
placed at the outlet of an elbow causing the disturbance. Ob- 
viously, the use of such a device is specific and not general, since 
offhand the amount of eccentricity required to render the flow 
symmetrical again cannot be predicted beforehand. 

The author’s work is a summation of practically all the re- 
liable information we have on the subject, collected from a very 
wide range of sources. While it is not in the form of a report 
from the Fluid Meters Committee, it is without doubt the best 
material available at this time and carries with it the authority 
of this committee. In time this material will be, without doubt, 
incorporated in the reports of the committee. 


material that is available. 
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made to this paper in the several discussions offered. Both 
Professor Beitler and Mr, Pigott emphasize the need of having 
more data on piping arrangements; a thought which is entirely 
in accord with that expressed by the author in his introductory 
remarks. Manifestly, the data in this paper are but the be- 
ginning of a compilation which must be greatly expanded before 
the needs of industry as a whole can be satisfied. For this 
reason the author is particularly grateful to Professor Pardoe for 
the additional data on Venturis with particular regard to the use 
of partially opened gate valves both preceding and following 
the Venturi. It is sincerely hoped that much additional data of 
a similar nature will be forthcoming in the near future. 

Professor Beitler is correct in his statement that straightening 
vanes may under certain conditions be more of a hindrance than 
a help, particularly where the velocity traverse in the pipe shows 
distorted flow on one side of the pipe as compared with the other. 
The most effective use of straightening vanes is to eliminate 
helical flows or whirls which are caused by combinations of bends 
or turns preceding the primary element. 

It is believed that the second paragraph and, in particular, the 
last sentence thereof of Mr. Pigott’s discussion, quite aptly 
answers the request of Professor Beitler for a better definition of 
normally turbulent flow. 

In answer to Mr. Carter’s question of the possible effeet of 
Reynolds numbers on the recommended length of straight pipe, 
the author can only say that all the explorations which have come 
to his attention have been made within a rather narrow band of 
relatively high Reynolds numbers. There was no appreciable 
change in the lengths of piping required within this range. As to 
what might happen at ranges beyond this band—as, for example, 
within the viscous-flow range—the author would hesitate to pre- 
dict with any degree of certainty. 

Professor Pardoe points out that no errors were given which 
result when the prescribed lengths of straight prpe were not used. 
Such errors varied with the type and size of primary element 
used, and with the piping arrangement. To have shown such 
variations in detail would have required a separate graph of every 
diameter ratio size and type of primary element, and for every 
piping arrangement specified. Quite obviously, this would have 
involved the inclusion of far too great a quantity of data in this 
particular paper. The author would be glad to discuss quanti- 
tative errors found for shorter than recommended lengths of 
piping for any specific case in mind, within the limit of the avail- 
able experimental data, if such inquiry is directed to him, 

The type of straightening vane shown in Fig. 2 is essentially 
the form prescribed in the A.S.M.E.-A.G/A. 1935 Report and 
which has been found quite satisfactory through a number of 
years’ service. Obviously, Professor Pardoe’s cross type of vane 
is simpler, and if it were demonstrated to be as efficient for all 
types of fluids and with all types of primary elements as it is with 
water and with Venturis, it would be the type to use. More 
study should be made of this particular type of straightening 
vane before changing the recommendations now in force. 


Water-Hammer Analysis by the Laplace- 


Mellin Transformation 


By G. R. RICH,! KNOXVILLE, TENN. 


The author supplements the pioneer work of Prof. F. M. 
Wood in applying operational methods to the study of 
water-hammer phenomena. The Heaviside calculus is re- 
placed by the Laplace-Mellin transformation together with 
the elementary theory of functions of a complex variable. 
This substitution facilitates interpretation of a much 
wider range of operators, is believed to be better adapted 
to problems starting from a steady-state system in mo- 
tion, and permits working directly with total pressures 
and velocities instead of surge pressures and velocities. 
This third feature operates to eliminate ambiguity con- 
cerning reflection coefficients at junction points in 
branched-conduit problems. When the effect of friction 
is not included, results are given in the form of simple 
trigonometric series of rapid convergence. When the 
abscissas of the two terminal sections of the conduit are 
inserted in these formulas, the resulting expressions are, 
in many cases, Fourier representations in the time variable 
of well-known periodic step or saw-tooth functions. In 
such instances, almost no computation work is required; 
it is unnecessary to sum the series, as the value of the sum- 
mation may be taken at a single reading from a graph of 
the function, one plot of such a function serving for all 
particular cases within its domain. In cases where the ef- 
fect of friction is included, a standard table of Bessel func- 
tions, used in conjunction with the formulas developed, 
affords easy and comparatively rapid solution. 


INTRODUCTION 


HE role of operational methods in water-hammer analysis? 
has been ably defined by Professor Wood, to whom the 
author is indebted not only for the general features of the 
application, but also for the basic hydraulic principles of repre- 
senting conduit friction by an equivalent linear law with respect 
to the velocity, and of prescribing the conduit discharge velocity 
rather than the gate motion as one of the given boundary condi- 
tions. Both of these deviations from conventional practice re- 
sult from the inability of either operational method to solve any 
but linear differential equations. At first thought, the second 
of these two limitations appears to impose a serious penalty on 
the operational approach; but on the basis of the examples given, 
the author is inclined to regard specification of the efflux velocity 
as a more rational and flexible basis for over-all design. 
Because of space limitations and the current availability of 
several outstanding books*-4:5-§ written particularly for engineers, 


1 Chief Design Engineer, Tennessee Valley Authority. Mem. 


A.S.M.E. 

2“‘The Application of Heaviside’s Operational Calculus to the 
Solution of Problems in Water Hammer,” by F. M. Wood, Trans. 
A.S.M.E., vol. 59, 1937, pp. 707-713. 

3“‘Operational Methods in Applied Mathematics,” by H. 8. 
Carslaw and J. C. Jaeger, Oxford University Press, New York, N. Y., 
1941. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of THe 
AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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the purely mathematical manipulation will be given in skeleton 
form, and references will be made to these texts. The first book 
will be designated in the notes simply as Carslaw# and the second 
as McLachlan. However, in using these works in combina- 
tion, a word of caution is necessary. Carslaw states the basic 


theorem as follows 
z(p) = ue etx (t) dt 
0 


2 fat Pa 


e = (d) dd 


If 


R (p) > 0 
(Carslaw p. 71) 


then 


Pye 


277 y—io 


McLachlan’s statement of the same theorem is as follows 


If ¢(p) = p s}. a f(t) dt 
0 


then 
1 é & (z) dz 
ee af b (e 
Qri J Brn zZ 


This means that all the operators, z (p), tabulated in Carslaw will 
be less than the corresponding operators tabulated in McLachlan 
by a factor p. McLachlan’s reason for adopting the second form 
is that it makes the Heaviside unit function equal to the value 1, 
as compared with 1/p for the first form. The operators tabu- 
lated in Doetsch and in Churchill are in the same form as those 
given in Carslaw. In this article the Carslaw notation and 
statement of the inversion theorem will be employed. The 
section on impulse functions given in McLachlan is particularly 
valuable, but in applying the impulse charts to the Carslaw form, 
particular care is necessary to avoid confusion regarding this 
factor p. McLachlan’s treatment of the practical method of 
determining residues also is excellent, while Churchill gives an 
exceptionally clear treatment of the basic theorv. 


R (p) > 0 
(McLachlan p. 116) 


NOTATION 


The derivation of the basic differential equations is given in 
admirable form by Professor Wood and will not be repeated. 
The same notation will be retained in this paper, with the ex- 
ception that no relation whatever is postulated between p and 


d ‘ : ; : 
the operator —; p is considered simply as an inversion parameter 
t 


in the basic Laplace-Mellin theorem. 

4+“Complex Variable and Operational Calculus,’ by N. W. Mc- 
Lachlan, Cambridge University Press, The Macmillan Company, 
New York, N. Y., 1939. 

* “Modern Operational Mathematics in Engineering,’ by Ruel V. 
Churchill, McGraw-Hill Book Company, Inc., New York, N. Y., 
1944. ‘ 

¢“Theorie und Andwendung der Laplace Transformation,” by 
Gustav Doetsch, Dover Publications, New York, N. Y., 1943 (for- 
merly published by Julius Springer, Berlin, 1937). 
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D = diameter of pipe, ft 

L = length of pipe, ft 

A = area of pipe, sq ft 

P = total pressure (surge plus steady state), psf 

V = total velocity (surge plus steady state), fps; positive in 
positive direction of z 

x = distance of section along axis of pipe, ft; measured from 
origin at reservoir 

K = volume modulus of compression of water, ft units 

b = thickness of pipe walls, ft 

E = modulus of elasticity of pipe wall, ft units 

f = friction coefficient 

w = weight of unit volume of water, lb per cu ft 

g = acceleration of gravity, ft per sec per sec 


ky = friction factor of linear approximation to friction pres- 
sure 
ow ih 
Vea 
g 
1 D 


Q K n bE 

p = inversion parameter 

t = time variable, sec 

» = complex variable in Bromwich-Mellin complex inversion 
integral (Carslaw p. 71) 

1 


i= vo = wave velocity, fps 


V = Laplace transform of V = if e! Vat 
0 


WW 


P = Laplace transform of P 4p eP! Pdt 
0 


* denotes integration along second alternative Bromwich 

Br, Contour. This path consists of a straight line from 

—1© to +7” (displaced a sufficient distance y to the 

right of the axis of imaginaries to include all singularities 

of the integrand) and a circle of infinite radius centered 

at the origin to complete the contour. The only singu- 

larities of the integrands occurring in this paper are 

poles; there are no branch points. Consequently, 

integration along Br: is equal to 277 times the summa- 
tion of residues at the poles. 

F = friction-pressure-loss coefficient per unit length of pipe 
and per unit cross section of water area in pipe. This 
factor is to be applied to the first power of the velocity 
and is proportioned to give the best approximation to 
the conventional loss of 


LN f th ti 
SS == 7 means e assul 
D 29 JY Means O 1€ assu nption 
2fwV? 2fw 2fw 
FV = - = — (kV,,) V = |— &V,, | V 
gD gD alle) (% a ) 


EXAMPLE 1 


The elementary case of the simple conduit, with instantaneous 
gate closure and with friction neglected, is included as an intro- 
duction to the use of the Laplace-Mellin method and the step 
function’ diagram of the Fourier series’ to avoid the computa- 
tional labor of summing the infinite series. When the abscissas 


7 “An Introduction to the Theory of Infinite Series,” by T. J. I’a 
Bromwich, The Macmillan Company, New York, N. Y., 1942, p. 357. 

5 ‘Fourier Series and Spherical Harmonies,” by W. E. Byerly, 
Ginn & Company, 1893. 
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x = Otor V, and z = L for P, together with the time ¢, are desig- 
nated, the value of the summation is given by the diagrams 
and the values of P and V follow immediately. For values of 
intermediate sections the series will be found to converge rapidly. 
It will also be found that the functions of the higher multiple 
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VALVE CLOSURE REDUCING VELOCITY LINEARLY TO ZERO 
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angles have the same numerical values as the lower orders, and 
that the only variations are a change in algebraic sign and divi- 
sion by a progressively larger numerical coefficient. 


EXAMPLE 2 


This case is to be considered as an intermediate step in the 
progressive development of the theory and as an introduction 
to Example 3. It is emphatically not advocated as an optimum 
type of closure but is of interest in studying the effect of various 
modes of extinguishing discharge upon the shape of the water- 
hammer curve. Its salient feature is the method of formulating 
the boundary condition at the gate. The conventional pro- 
cedure, using the graphical or arithmetic integration methods, 
is to specify the gate opening, discharge coefficient, and time 
rate of gate closure, and to calculate V at the outlet as part of the 


water-hammer computation, proportional to WH, + h, where 
his the water-hammer head. In this example the efflux velocity 
and its time variation are prescribed. The resultant pressures 
and velocities in the conduit are then determined without refer- 
ence to the gate characteristics. With the head at the outlet 
thus established by the water-hammer calculation and the outlet 
velocity prescribed in advance, the design and rate of opera- 
tion of the gate, pump, or turbine to conform are handled as a 
separate problem. The relation of the head to the discharge, 


whether proportional to 4/ Hy) + horsome more suitable relation, 
may then be selected according to the judgment of the valve de- 
signer, preferably on the basis of extensive tests on the particular 
type of outlet mechanism. Discussion of this mode of attack 
will be extended under Example 3. 

In applying the formulas of this example to pumps instead of 
turbines, it is important to remember that the initial steady-state 
velocity is opposite in direction to positive # and should there- 
fore enter the formulas as —Vo instead of +Vo. The same prin- 
ciple is to be applied in Examples 3 and 4. 


EXAMPLE 3 


The hydraulic concept underlying this example is based on an 
earlier article by S. Logan Kerr,® in which attention is directed 
to the possibility of securing any desired shape of water-hammer 
curve by properly varying the efflux velocity. One practical 
mechanical means of accomplishing this result in turbine installa- 
tions is mentioned. 

Example 3 indicates the method of synthesizing nonuniform 
outlet-velocity rates to approach any characteristic shape of 
water-hammer curve that may be desired. For the sake of 
simplicity in explanation of the method, a two-segment rate is 
discussed; but three or more segments or any other suitable con- 
tinuous curve may be substituted if desired. The mode of attack 
is to select trial values of Vo, r, Vg, and 8, and continue the 
trial-and-error process until a satisfactory form of water-hammer 
diagram is obtained. Vg and 8 may be selected so as to lie 
either above or below the dotted line representing uniform rate of 
velocity decrease; the formulas given will be found correct for 
either case. 

With the outlet velocity prescribed in advance, and the pres- 
sure at the outlet established by the water-hammer calculations, 
the valve- or outlet-mechanism design and rate of operation to 
give the prescribed velocity step-curve is segregated as a second 
separate problem in which the designer is afforded complete lati- 
tude to exercise his best judgment regarding the head-discharge 


relation (\/ Hp + h or otherwise) and to use whatever relation 


9 “New Aspects of Maximum Pressure Rise in Closed Conduits,” 
by S. Logan Kerr, Trans. A.S.M.E., vol. 51, 1929, paper HYD-51-3; 
subheading on “‘Ideal Gate Motion,” p. 21. 


EXAMPLE 3 


SIMPLE CONDUIT - FRICTION NEGLECTED WITH VARIABLE 
RATE OF EXTINGUISHING GATE DISCHARGE VELOCITY 


Boundary Conditions When x=L (at gate) 
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For Values of & for P when x=L and for V when x=0 refer to 
diagrams Example 2 
Second Stage 
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ion for “afterwaves” may be developed by using shift operator 
f second branch at (t<T) similar to procedure employed in 
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CHART FOR 
EXAMPLE 3 
CONDUIT - SAME AS IN EXAMPLE | 


PRESSURE WAVE VEPs 
. TIME 


VELOCITIES: ‘ 
Vo = 12/see 
TIME : 


T = 10sec 


@ = 3000'/sec 
ae = 3.33) sec 


Vg = 8//sec 
BT = 5 sec 


Vo - Vg = 4'/sec 


0 3035 6.66 10 13.33 16.66 20 
TIME - SECONDS 
PRESSURE RISE AT GATE 


(xe=i) 


13.33 


6.66 10 


TIME - SECONDS 
VELOCITY AT RESERVOIR 


(x= 0) 
CHART FOR 
EXAMPLE 4 
CONDUIT - SAME AS IN EXAMPLE 1 
VELOCITY @ = 3000'/sec 
p 
RESSURE WAVE atte Zi aay ace 


mau 


13.33 


3-33 6 66 10 
TIME - SECONDS 

PRESSURE RISE AT GATE 

(x=L) 


Sek 6 66 10 
TIME ~ SECONDS 
VELOCITY AT RESERVOIR 
(x=0) 


13.33 


16.66 20 


365 


EXAMPLE 4 
SIMPLE CONDUIT- FRICTION NEGLECTED 
VALVE, TURBINE OR CENTRIFUGAL PUMP AT DISCHARGE END 
VELOCITY EXTINGUISHED ACCORDING TO COSINE FUNCTION 


Derivation same as Example | through Equation 4 
Initial 


Velocity 
=Vo 


bi 


Closure Time | 
ina =T | 
Boundary Conditions: 


when x=0, P=P, B=Po ang A=o 


when x=L, 


B= weVv, Bk 
cosh /pL\ 
op G) 9 


rx 


t At PAXN Gs 
p. Po fevdr , wave fe sinh Ca/d) 
ated Rome 2mtg Jz. cosh (AL) 


Oo 


ey } 4 : pare 
p=P, + WaVe 4 » (ene sin (2nadmaf oy, Zorn) 
g mT oe (2n-1) 25 2u 
mt ies 
4 Wao sin 2T sin 2Ta 
a cos TL 
2Ta 
4 Wave Aazt? yo (1) An) | (2na)mat 2 
Bai a2 721 > i 2 
Q a = {L2=(20-'a? Tt 2L 
© 
/ 4 esha (2n-1) rat Z2r-1) nx | 
=V5 -Vi t= cos cos Sy) 
: { Gs Pa (20-1) Ab nae, 
= at KX 
ey, S08 2n Ses ona 
cos WL 
2Ta 
sv, Fee yy ENP ns) Coe neat 5. (2es)mx 57) 
m 2s {U?-Qn-)ParT?} ~ Satine eee 
Expression for afterwaves may be developed by using shift operator 
to cut off cosine function at t=T similar to procedure employed in 
Example 2 


best fits the available test data for the particular mechanism 
under study. 


EXAMPLE 4 


The purpose of this example is to indicate how the effiux veloc- 
ity may be specified to vary in conformity with almost any de- 
sired continuous curve. The function selected in this case, 


(th = ; . . : 
Vo cos 2, will be found to give results almost identical with the 
ey 


so-called standard Allievi method, in which the rate of decrease 
of gate opening is prescribed and the efflux velocity calculated as 


proportional to \/ Ho + h. 
EXAMPLE 5 


This example, including the effect of conduit friction, furnishes 
a good illustration of the power and range of the Laplace-Mellin 
transformation. Equations [13] and [14] of Example 5 are 
derived in the standard manner by calculating the residues of the 
integrands in Equations [11] and [12]. Equations [13] and [14] 
are perfectly correct and convergent; but the rate of convergence 
after the first two terms is so slow that results must be obtained 
by averaging terms in blocks of from n = 0 to n = 100,” = 
100 to » = 500, and so on until the additional terms become 
negligible. 


TRANSACTIONS OF THE A.S.M.E. 


EXAMPLE 5 


SIMPLE CONDUIT - INSTANTANEOUS CLOSURE 
FRICTION INCLUDED 


ae Wav _ 
aRe FV + Ay: fe} (1) 
OV 4 QOP - 0 
Ro iS Chai (2) 
aN WOE Ve EGON, (3) 
Ox ot? at 


pt 
Multiply through by é? and integrate from t=oa to t=o 


Pe) my, ent Vi ed Vv 
Sx = wo {-[3¥] o[v] +e V}+ro { bees 
t+o t+6 =o = 
00 (Wo+F) +VoQ (Wp + F) (4) 


V=Asinh (y WQp?+ FQp x) 
+ B cosh (Vv WQp?+ FQp x) + % 
or convenience let B=VWQp?+FQp, then 


Ve 


nn 


V =Asinh (x) + Bcosh (Bx) + (5) 
OM 0.oP. ) 
ey ane (6) 
Multiply through by é”*and integrate from t=c to t=o 
20a eulaiip PI 
ox an [ |te 
= t-0 
av a xy 
SIS (NE) SRA ee p 
Be a ee oe maney (7) 
es ~ = se Po 
Boundary Conditions when x=0 P=P, and Be a 
From (5) and (7) A=o ‘ 
Equation (5) becomes V = B cosh (x) + = (8) 
When x=L V=0 and V=o 
From (8) B- -Vo 
p cosh (8L) 
y= Vo _ Vo cosh (8 x) (9) 
p p cosh (BL) 
From (7) 
p- Po _ FVox 4 Vo sinh (x) 
p fs) Qp2 cosh (AL) = ((0)) 


Poe [2s FVex oie Vs 2B sinh (Bx)dA () 
. Br Br, 2riQ Br %? cosh(BL) 


y= Vo ro™ dn _ > fe*cosh 3x)dr 
Pasay eee 271 Jp, cosh (BL) 


where /8 becomes = WQX + FQA (12) 
chs + 2 

ian Sie (2n-1)° @€2W sin ons B12 cos vit § _sinyt-2¥‘sinv} 

Bi oh EN : 2 £ 
40-90 — vy (fa +)" (13) 
pebe (2n-nx [F | 
ame 22, (EI)PU(2neL) ere COSg=aay shot vyoo2 y cost | 
VeVg Va v= 5s) 2L__\w | 


(14) J 


This form of solution is interesting but the rate of convergence 1 
so sl that it is tiresome for practical computation 


an 


( Continued ) 


EXAMPLE 5 (Cont.) 


é 


For an alternative solution having rapid convergence make the 
following substitutions in Equations (II) and (12) 


In (Il) B sinh (8 x) 


y (-1)m S (eee gaffes 2g) (16) 


AEcosh (BL) 4 
cosh (8x) _ > ¢_ym | [= (L-x+2mL) gehen 
In (12) Acosh(BL) — » ) A [e ae 7) 


Carslaw p 103 


These afford the following standard solutions in Bessel functions: 


fs (EE 
F aie F 2_(L=x+2mL)? 
fs eae Ww em eV 
af e 24 ee t 5 dt 


Sir E t?- L+x+2mL)? 
lol aw a? 


McLachlan p 217 UF fe (3 [yz_ Cet IML) 4p 
a p 331 -No.37 wf &*™ To \ay ae 
(L+ 


Ee 
psp Vax ae (=I) 
i) m=0 


Churchill p 300-No.88 \ x+2mL) 
a (18) 
For first two terms in { \ i> ae and for the second two terms 


{} t> wtp 


5 3 2 
I, (S v- Gexe2nlh) denotes the modified Bessel function of the 


first kind, of order zero, and having the argument (£y/ -Cexsinlt) 
awVt a 


In series form this function Is: 


1.@)= 4000) = 3 G9) =14G a) ,(30 "). a 0) 140 oo 88, 


fo (re? j (27 (Ie 64 23047 


Tables of fhis function are given in Jahnke and Emde p 226 and Gray 
& Mathews p 303. 


For the velocity: 
ee (Eseint) 
eeu a 


t 
a €* 


ial 
a 


L ( [+2 (L- xo) ot 
ae 2_ (L=x+2mb)2 ae 


Ve\eeVe Seep = » 
a Z & (eeseial) 
¥e aw a 


tet 
22W | ice (L+x+2mL)* ot 
FE (Ltxx2mu) 2? WEN do razomee 
2W a a/2- (L+x+2mL)2 
eas 


L oJ L+x+2mb 
a (19) 


For first two terms in {} t> eoeete and for the second two terms 
te {} = = 2m 


ae ES wie *) denote es the modified Bessel function of tne 
first kind, of order one, and having the argument (Fyfe en) 


In series form this function is. 
1+2 

1, (@)<- jae 5 Ge) is =(48) + +(e 8), Gy we 8) toe ae 

(6) 6 (24) 


r=0 cil (r+) 


a 


Tables of this function are given in Jahnke and Emde p 227 and Gray 
& Mathews p 306. 
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An alternative derivation in Bessel functions proceeds directly 
and easily from the basic wave method of attack with a mini- 
mum of labor as compared with the tediousness of expanding the 
radicals by the binomial theorem and then expanding the ex- 
ponentials in power series.! In using jointly the tables of 
operators in Churchill and McLachlan for this problem, atten- 
tion issagain called to the fact that all operators in McLachlan 
are greater than those in Churchill by a factor p, owing to a dif- 
ference in statement of the fundamental inversion theorem. 

It is unfortunate that the integral terms are necessary in 
Equations [18] and [19]; but when the Bessel-function argu- 
ment is substituted in the corresponding power series, cancella- 
tions reduce the solution to the simplest of elementary integrals. 
Rapid convergence of the power series makes it unnecessary to 
employ more than the first few terms. 

The nonintegral terms are simply picked from a standard table 
of Bessel functions. 1) 12:18 

The effects of the direct and reflected waves are easily identi- 
fied, the direct wave contribution being associated with the ex- 
pression (L — x + 2mL) and the reflected wave component with 
(L + 2 + 2mL). 

Some explanation of the process intended by Equations [18] 
and [19] may be necessary, and for convenience let us select the 
section at the gate z = L. The first contribution consists of the 
direct wave alone (identified by 1 — x + 2mL). The formulas 
permit calculating this component at any time between 0 < t < 


“a 


L 
—; so for convenience take = —. Next, the second component 
a a 


consists of the direct wave contribution with m = 1 and (—1)” = 
minus, and the reflected wave contribution with m = 0 and 
(—1)” = plus, so that the final pair of signs for the second com- 
ponent will be (— and —). The time permitted by the formulas 


2L 4L 
for the second component will be — < t S — for both the direct 
a a 


4b 
and reflected wave effects, so we shall use t = —. Similarly, 
a 


for the third component pair of waves the final signs will be 
(+ and +) with m = 2 direct wave, m = 1 reflected wave, and 


6L 
t =— both waves. The total effect at any time ¢ is the sum of all 
a 


component wave effects up to and including that time. With 
this interpretation it will be found that for F = 0 the equations 
give the same results as Example 1, and for t = 
state condition prior to closure of the valve. 

Excellent charts summarizing the results obtainable by this 
example are given in Professor Wood’s paper? and will not be re- 
peated here. 

It will be noted that, when the effect of friction is included, 
the pressure is not a maximum at the instant of gate closure but 
increases progressively as the primary wave travels up the con- 
duit. This is, of course, due to the fact that, as the steady-state 
velocity is reduced to zero, tle cumulative friction-head loss is 
manifested as a regain at the gate section. This effect tends to 
confirm Professor Wood’s point that the only basis for assuming 


0 the steady- 


10 ‘Operational Circuit Analysis,’”’ by Vannevar Bush, John Wiley 
and Sons, Inc., 1937, New York, N. Y., chap. 12, pp. 213-263. 

11 “Tables of Functions With Formulas and Curves,”’ by Eugen 
Jahnke and Fritz Emde, B. G. Teubner, Leipzig and Berlin, and 
G. E. Stechert and Co., New York, N. Y., 1938, p. 227. 

12“A Treatise on Bessel Functions,’’ by Andrew Gray, G. B. 
Mathews, and T. M. Macrobert, Macmillan & Co., Ltd., London, 
Eng., 1931, p. 303, et seq. 

134A Treatise on the Theory of Bessel Functions,’ by G. N. 
Watson, Cambridge University Press, 1922, new edition in printing, 
The Macmillan Co., New York, N. Y., p. 698. 
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EXAMPLE 6 
COMPOUND PIPE - INSTANTANEOUS VALVE CLOSURE 
FRICTION NEGLECTED 


+, V Sign 
_+, x Conventions 


Wave velocity=a, | Wave velocity = az 


origin of coordinates 


oon L, 
P, = constant 


Basic Equations - See Example (1) 


P= A, cosh PX + Bi sinh 


P.=A> cosh PX + Bz sinh 

2 a: 

v} A px _ Bi 

YM=- sinh B* - cosh 
Wa; ai Wa p 

Ver Az sinh BX — Bz cosn/ PX ¢ Vz) When x=tle 
Wee 32 Wap p V2 = 0 


fe At pz sinh AL! cosh AX +a, D7 cosh AL! sinh AX) ga 
3 p2 si , wavs @ (a.03 sinh a, cosh a= +a;0) ¢ sh>—s a) 
"2m A 27g (a0 sinh AU! sinh SL? 4 a, D?cosh me beh B) 
Br, Br : ay 3: é az) (2) 


With similar expressions for V, and V2 


In. Equation (2) replace the hyperbolics by exponentials; multiply 


= Aly AY 
numerator and denominator by e 4 a 
¢-b2 4X) (,— 2b: - be _ x) 
(at-are) x “td 3a a3) 
e =€ dA 
2L;_ 2L2\ 
: Cai a: / 
pap? wa2V> l+e@ 
ea TG C. oe 
A], , (e:0i-a0))\e 2 +e * 
Be |!* “(a.piea,De)/_ Zali _ 2ALa) 
\ite ? GE 
a(t-E-3) a(t-2 -2 *3)) 
e -e dh 
2L,_ 2L2\ 
Dileep a2 / 
Cwa:V; [+e (3) 
~ “2rig /_ 2rLi - 78) 
edly (a, o'-a.0i)\e Bigs fone 
G a 77 \ 
; (a2 0i+a10) ( _2Abr = 2AL2 
\i+e SI a2 


(Continued) 


discharge proportional to V/ Ho + his to compensate for the re- 
gain of friction-head loss. 


EXAMPLE 6 


Example 6, showing one of the more elementary cases of the 
compound pipe, is included to illustrate the general procedure for 
formulating equations at the junction points for all types of 
compound and branched systems. At such junctions, the total 
combined pressure (steady state plus water hammer) at any 
instant is the same for each of the tributary branches, and the 
algebraic sum of the discharges is zero, flow toward the junction 
point being taken as positive and flow away from the junc- 
tion point negative. 

For this particular example, at least, the wave-type solution, 
in which the hyperbolic functions are converted to exponentials, 
appears to require less labor than the alternative trigonometric- 
series solution. The wave solution also gives a clearer picture 
of the physical action, since, as one of its essential features, it 
identifies each component wave and reflection by its own par- 
ticular starting time. 


CONCLUSION 


It is believed that the examples submitted demonstrate that 
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the Laplace-Mellin transformation affords a practical and suf- 
ficiently rapid means of analyzing water-hammer phenomena in 
simple conduits for any desired boundary conditions. By means 
of the shift operator and the proper combination of linear or 
curved segments, the action of any mechanism at the discharge 
end of the conduit may be closely simulated. 

Because of space limitations, only one example of the com- 
pound or branched-system type has been given. However, 
these problems do not differ in principle from the simple conduit 
cases. At the junction points, there is a common total pressure 
and the algebraic sum of the discharges is zero. The Laplace- 
Mellin transformation, dealing directly with total pressure and 
total velocities, expresses this condition simply and directly, 
since there is no need for calculating surge-reflection coefficients. 
The process of setting up the solution for branched-conduit 
problems is no more difficult than for the simple cases; the dif- 
ficulty is due to the sheer weight of the algebraic detail, and much 
of this may be eliminated by inserting the numerical values for 
the particular problem at the early outset and making no at- 
tempt to develop general formulas. 

The simultaneous determination of tank levels and water 
hammer in surge-tank and pipe-line, or tunnel problems, with- 
out major qualifying approximations, can be accomplished only 
by the graphical or the arithmetic integration method. For 
such cases, the author prefers to separate the mass-acceleration 
and the water-hammer elements and to determine the former by 
arithmetic integration. For the section of the tunnel upstream 
from the penstock all the designer usually requires is the value 
of the maximum water hammer, and this can be obtained by an 
obvious elementary calculation. Water-hammer pressures in 
the penstock downstream from the tank are obtained with suf- 
ficient accuracy simply by considering the surge tank as a fixed 
reservoir, neglecting the portion of the pressure wave passing 
up the tunnel, and using simple conduit formulas. If greater 
refinement is desired for research investigations, the system 
may be calculated as a branched group of three elements with 
tank level constant at the initial elevation. Water-hammer pres- 
sures will be a maximum at this time because the water in the 
tank has not yet been accelerated appreciably and, consequently, 
affords the maximum resistance or, conversely, the minimum 
relief to the pipe line and penstock. In short, the author sees 
no practical need for formulating solutions of the combined mass- 
acceleration and water-hammer problem. 

The various supplementary problems appearing in the current 
literature, including the effect of hunting in turbine governors 
or the chattering of valves, may be solved directly by the La- 
place-Mellin method, using a process similar to Example 4. 
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So the integrals in Equation (3) reduce to integrals of the product of 
eacn of the four segregated exponentials and the series Equation(4) 
By means of basic Equation (5) these all reduce to the very simple 
farm +1; —-1,+C or -C since the terms in C* and higher orders may 
be neglected. Attention is directed to the requirement that each wave 
nerement starts at the instant t>k in accordance with Equation (5) 
This solution 1s rapid and simple with the added advantage of 
affording a clear picture of the physical action 


Alternative Form of Solution 


By the methods of Example (1) we may also obtain solutions in the form 


(enna .0, On ieee ont 2 ats Bax 
pe sini Bath abysih 29 tens ee ae nk Bn 
p =p, wazV: ¥ Siystosaiesnle age OSinass Pho eeneOP eres SIRE 
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n which J8, are the positive intersections obtained by plotting the curves 


Z= cot 4b and Z= 25 tan we with the ordinates Z and abscissas 8 (6) 


f many Examples of this type require solution a table may be 
prepared by plotting a few representative curves, and the values 
of 8 obtained from the table with sufficient accuracy by interpolation. 


CHART FOR 
EXAMPLE 6 
INSTANTANEOUS VALVE CLOSURE 


L,= 3000' vo = 12'/sec De = 12° 
a, = 3000’ /sec La = 2000' VE = 18.75'/ see 
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Discussion 


hk. W. Aneus.'4 The writer’s long interest in water-hammer 
problems causes him to welcome any new contribution to the sub- 
ject, particularly when the approach is from a new angle. The 
paper presents a mathematical discussion, which is an addition to 
the arithmetical and graphical solutions available and will help to 
clarify the latter, so that the author is to be commended for his 
paper. 

The writer thinks the paper has been too greatly condensed and 
that some further discussion of the formulas would be helpful. 
He hopes that at a later date the author will also supplement his 
paper by tables or curves which will aid in the solution of the 
equation, 


B. A, Baxumeterr.’® The author extends further the pioneer 
suggestions of F. M. Wood? in applying “transform”? methods to 
water-hammer phenomena. It could be contended rightfully that 
in the particular cases selected as examples, the previous methods 
lead to simpler and easier solutions. The intent of the paper, 
however, is obviously educational, aiming to illustrate new 
possible approaches. It may so happen, in the course of further 
development, that operational techniques will prove to be 
particularly useful in the more complicated instances, such as 
nonuniform or branched conduits, where the procedures hitherto 
used become cumbersome and unhandy. The verdict regarding 
the practicability of the transform method will be rendered in 
time by the practicing profession. For the present, engineering 
science is indebted to the author for fascinating and provocative 
exploring. 

The specific purpose of the transform technique is to substi- 
tute the regular methods of solving differential equations by 
simpler mathematical operations. It stands to reason, as a 
general principle, that no procedure intended as a substitute, may 
yield more by way of disclosure than the original method which 
it is called upon to replace. Accordingly, the transform method 
cannot dispense with any of the physical or dynamical facts, re- 
quired for setting up boundary conditions in the earlier pro- 
cedures. 

Certain misgivings arise in this connection in regard to the 
pressure-rise chart in Example 2, based on the premise of a linear 
extinction of velocity. For proper perspective, it should proba- 
bly be mentioned that the procedure of prescribing a velocity- 
extinction law instead of a gate-closure rule, as originally done by 
Allieyi, is not new. Indeed, it has been common practice among 
engineers overseas since the early days of water hammer. In 
this connection, reference is made to an earlier publication of the 
writer, !® in which linear velocity extinction was used as the basis 
of the analysis. 

The fact is, that operating with a prescribed law of velocity 
change makes the application of the traditional Joukowsky- 
Allievi theory especially simple. Indeed, the “‘direct’”’ pressure 
wave front simply copies the velocity change law (Vo — V) to 
the scale a/g, which in the author’s case No. 2 would result in a 
straight line OB, Fig. 1, of this discussion. By the same token 
the negative wave, reflected from the open end and reaching the 
gate at t = 2L/a, is represented by O’B’. In the traditional treat- 
ment, the resulting pressure rise, until the time of final closure at 
t = T, was taken, to be the difference of the aforesaid direct and 


14 Professor Emeritus of Mechanical Engineering, University of 
Toronto, Toronto, Ont., Can. Hon. Mem. A.S.M.E. 

15 Professor, Columbia University, New York, N. Y. Mem. 
A.S.M.E. 

16 “Introduction to the Study of Variable Motion of Liquids” (in 
the Russian Language), by Boris A. Bakhmeteff, St. Petersburg, 
1915, p. 93. 
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reflected waves, making the water-hammer pressure for the period 
constant, as evidenced by the line CD with 


This pressure implies a certain margin over the Allievi linear 
vate solution. Furthermore, the whole treatment is particularly 
simple. Accordingly, the Relation [1] was considered particu- 
larly convenient for thumb-rule appraisals. Obviously, the 
closure of the gate causes an abrupt change in the regimen, as 
hereafter the direct wave pressure ceases, while the dead solid 
end causes the indirect wave to suffer complete reflection without 
change of sign. This doubles the angle of the pressure line and 
results in the pendulations indicated by DFC..... 

There is no difference between the author’s chart, Example 2, 
and Fig. 1 herewith, for the period preceding t = 2L/a, and for 
the time ¢ > 7 after closure. On the other hand, for the in- 
between interval 2L/a < t < 7, the author’s diagram exhibits 
the zigzag outline CHD in Fig. 1, as against the constant parallel 
line CD. The zigzag pressure outline would follow from the 
Allievi method, were one to assume that during the period of 
closure (t << 7’), the indirect negative wave front O’B’ experiences 
at the gate the same full reflection, as it is expected to do after 
the gate is completely closed. Inasmuch as the transform and the 
previous methods should give identical results for the same bound- 
ary conditions, it can be surmised that in applying the opera- 
tional procedure to Example 2, the same set of boundary prem- 
ises, inso far as reflection at the gate end is concerned, were used 
throughout the whole analysis, making no distinction whether 
the valve was still partly opened or was fully closed. 

The difference in result, mentioned, raises an interesting and 
quite pertinent question, regarding the physics of shape reflec- 
tion at a partly open gate. One may contend that the reflection 
mechanism under the circumstances is not as simple as heretofore 
assumed. The fact remains, nevertheless, that full reflection 
without change of sign at the completely closed end is conditioned 
physically by the fact that the interposed solid barrier permits no 
axial displacement in the elastic fluid media, thus imposing the 
boundary limitation of zero deformation and zero velocity. 
Obviously, no such limitations exist as long as the gate remains 
open, so under all circumstances there is bound to be a brusque 
change in boundary conditions at the ¢ = T moment. Also, with 
all possible doubts relating to the reflection mechanics at a par- 
tially open gate, which has been arrested in the course of closure, 
it would stand to reason that during the time the gate is being 


closed so as to cause linear-velocity extinction, all that the in- 
direct negative wave O’B’ can be expected to do is to cancel the 
further pressure rise, conditioned by.the closing wave. Physi- 
cally the positive or negative pressure change is concomitant to an 
elastic compression or dilatation. In this light, the interreaction 
of OB and O’B’ is a matter of one deformation neutralizing the 
other. 

By way of further interpretation of the physical meaning of the 
linear-velocity extinction as a boundary premise, the thought is 
that a velocity-change law is not a self-dependent pattern, but 
necessarily is a combined result of the change in gate opening and 
the extant total pressure Hy, + h,,,. In Fig. 2 of this discussion, 
the straight line ob features the Allievi linear gate-closure law. 
The gate regimen, corresponding to the OCD pressure line in 

be ocb with the gate area ratio B/B’ = 
WH s,/(H 51 + h,,,,). To accomplish linear velocity change with 
the zigzag pressure OCED, would require the gate movements to 
follow the outline oceb indicated by the dotted lines, Fig. 2. 
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The writer would like to voice the hope that in the future 
theoretical water-hammer analysis should be complemented by 
factual data obtained by carefully planned experimental re- 
search. Only such observations would enable engineering science 
to elucidate clearly the complex reflection phenomena and other 
physical particulars. The recent advances in the technique of 
registering high-frequency pressure changes” serve as a happy 
omen. Past observations were carried out with instruments, 
such as the customary steam-engine indicator, which were 
hampered by mechanical inertia. Obviously, the results were only 
approximate. The writer personally made some preliminary ob- 
servations at the Ziirich Laboratory in 1904, with the aim of 
checking the results disclosed in the then recent Allievi publica- 
tion. The diagrams obtained at that time, as well as later inci- 
dental evidence, seemed to confirm the constant pressure course 
of the CD line in Fig. 1. 


J. F. Roserrs.* There seem to be two schools of approach 
among those responsible for penstock and pipe-line designs. One 
group refuses to take water hammer seriously, and without ade- 
quate investigation or analysis immediately assumes that pres- 
sure rise is unimportant. This group proceeds to adopt some 
arbitrary value such as 20 or 25 per cent for increase in stress due 
to water hammer. Such an approach may result in a disastrous 
pipe-line rupture, such as has occurred in one or two instances in 
the past. 

Another group takes the opposite view and makes exact and 
precise calculations in an effort to anticipate the most remote 


“Recent Developments in Hydraulic Laboratory Technique,” by 
Joseph B. Tiffany, Jr., Proceedings of the Second Hydraulie Confer- 
ence, University of Iowa, 1942, p. 31. 
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possibilities with regard to pressure variations. Unfortunately, 
many assumptions are necessary before starting such a calcula- 
tion. By bringing this subject forward for discussion, we can 
hope to stimulate more interest and obtain more data on which 
to base assumptions. 

Frequently, engineers ask the manufacturer to guarantee the 
impossible. The laws of water hammer and speed regulation are 
laws of nature, subject neither to discounts nor to compromises. 
With a given governor time and a fixed set of pipe-line conditions, 
and with a specified generator-flywheel effect, the resulting speed 
regulation is fixed by nature if the governor motion is at a uni- 
form rate and the relation between discharge and gate position is 
fairly uniform. 

As manufacturers, we hope that the users and buyers of hy- 
draulic machinery will come to the realization that the laws of 
nature will determine the results, and for the average plant and 
with equally good equipment, one manufacturer cannot obtain 
better results than another. Several of the larger purchasers 
realize these facts and their attitude is helpful in educating 
others. 

As manufacturers there are several factors and points of in- 
formation which we can contribute to assist in solving water- 
hammer problems: 

1 Provide curves showing relation between governor stroke 
and turbine discharge. ‘ 

2 Provide cushioning on the governor cylinders to slow up 
gate motion near the closed position. 

3 Provide rate-limiting devices on the governor so that the 
rate of gate motion may be regulated and controlled for any part 
of the stroke and can be made different in opening and closing 
with the result that the rate of change in discharge can be defi- 
nitely controlled at all positions. 

It is hoped that the author will continue his interest in this 
study to the point where a set of tables of values to be used in 
solving pressure-regulation problems will be made available. 


F. M. Woop.'!® The author has done a much-needed work in 
demonstrating the power and simplicity of the modern method of 
analysis by Laplace transforms, which has to a great extent super- 
seded and absorbed earlier operational methods, including that 
developed by Oliver Heaviside. 

These methods permit solution of equations linear in the de- 
pendent variables (pressure and velocity in the case of water 
hammer), so that it is necessary to replace nonlinear terms, such 
as that due to friction, AV?, by a linear approximation. This, 
by the way, is fortunate where reversal of flow occurs, as the 
friction term changes sign with the velocity. 

The approximation may be written (AV,,)V, as used in Px- 
ample 5 of the paper; this is most suitable for sudden complete 
closures, where the velocities alternate between the values J’,,, 
0, and —V,,, or approximately so, during the first few periods. 
For gradual gate closure, or studies over a number of periods, a 
better approximation is (2/3KV,,,)V, as this gives closer agree- 
ment with the quadratic AV? over the full range of velocity. 

With the arithmetic integration and the graphical methods, 
which are not purely analytical, allowance for friction is made by 
assuming friction head as concentrated at one end of the pipe, or 
as subdivided at two or more points along the pipe. It is im- 
possible by either of these methods to take into account the fact 
that the velocity, and with it the regained friction head, vary 
with time and position during each surge, and that the surges die 
down with time, approximately exponentially, the rate of de- 
crease being higher with greater roughness. For friction heads 
low in comparison with the maximum surge head, there is 
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Montreal, Can. 


RICH—WATER-HAMMER ANALYSIS BY 


negligible error, but such may not be the case for high friction 
heads, or low wave velocities. 

It is evident from the solutions of Example 5 that the expression 
P/2W .2L/a, which reduces to 2fk;V,,/aD, may be used as a 
modulus for the effect of friction. Two pipe lines for which this 
expression is the same will have identical surges, if we use as the 
unit of time the period 24/a, and as the unit of pressure, the 
maximum surge for frictionless flow waV,,/g. This expression 
Fu/2W might be called the “friction modulus.’2° <A set of 
graphs or tables for values of the modulus ranging between zero 
and unity, and extending up to the tenth period could be con- 
structed to facilitate future studies. 

Examples 3 and 4 show the possibilities of this method for a 
wide variety of boundary conditions, provided these are functions 
of the time variable, however arbitrarily chosen. Solutions are 
possible when either the velocity or pressure, or both, enter into 
these boundary conditions, specified at any desired point along 
the pipe, or at the ends. 

As pointed out by the author, if the aim of a certain study is to 
impose certain restrictions on the pressure or velocity surges, it 
would seem logical to solve first for the necessary boundary con- 
ditions, and then to adjust the operation of the controlling ma- 
chinery (gate, pump, turbine, etc.), in accordance with their 
particular characteristics, to give these boundary conditions. 


AUTHOR’S CLOSURE 


The able discussion of Professor Bakhmeteff, to whom the 
writer is indebted for valuable suggestions during preparation of 
the paper, deals with the pertinent question of partial reflections 
at the open valve during gradual closure. By means of the 
arithmetic integration, Table 1, and its verification by the 
appropriate Angus diagram, Fig. 2(b) of this closure, the author 
will attempt to demonstrate in figures for a representative case 
(that of initial head = 1000 ft) that the transform method has, 
like the Angus diagram, the virtue of making the requisite com- 
pensation automatically for the effect of such partial reflection. 
The Angus diagram has purposely been drawn for the case of 
initial head = 500 ft instead of 1000 ft, to show that when the 
velocity extinction pattern is specified as a boundary value, the 
water-hammer superpressures are, contrary to results obtained 
by the conventional method, invariant with respect to the initial 
head. 

In performing arithmetic integration for the conventional 
method, the time rate of decrease of valve area is prescribed as 
one of the given boundary conditions, and we solve for the un- 
knowns Ahand AV. In our case, the time rate of extinction of 
efflux velocity is prescribed in steps A V, and we solve for Ah and 
the time rate of decrease of valve area. In the sense that A h 
and the relative valve opening are obtained directly with no 
necessity for trial-and-error computation, the process is not true 
arithmetic integration. : 

Now let us examine in detail the line of integration for the time 
t = 4.17 sec. At this instant the positive increment Ah = 
+93.7 ft initially generated at time ¢ = 0.83 sec, returns to the 
valve from the reservoir as a negative reflection —93.7 ft. By 
the particular method of accounting we have chosen to adopt, all 
waves, when once generated, are carried forever in the tabulation 
at the original magnitudes and are given the correct algebraic 


sign corresponding to the number of transits of the pipe line 


that each has made. By this same method of accounting we 
double this negative reflection to —187.4 ft in column 7 and 
then proceed to show that the requisite correction for partial 
reflection of the wave —93.7 ft returning up the conduit to the 
reservoir is included in the value of the nascent wave Ah, column 


3. 


20 See footnote 2 of paper, p. 712. 
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To make this demonstration, let us suppose that no negative 
reflection had yet arrived at ¢ = 4.17 and let us calculate by the 
conventional method the corresponding magnitudes of A h and 
AV, assuming the gate motion to be given as 0.516, column 9. 
This time we are employing true arithmetic integration and must 
establish by successive trial and error that value of Ah that will 
give identical results for column 6 and column 10. We obtain 
Ah = 55.7 ft instead of 93.7 ft, a difference of +38 ft. It is this 
excess of +38 ft that effects the requisite decrease in the magni- 
tude of the negative wave traveling up the pipe line after partial 
reflection, and in actual amount this becomes —93.7 + 38 = 
oo) 


The percentage reflection is accordingly - 93.7 
93.7 


SO Deidmalits 


about 60 per cent. 

By the same type of analysis we find that at time ¢ = 6.67, the 
percentage reflection with the valve opening at 0.333 is 71 per 
cent, which is in the increasing direction as would reasonably be 
expected. We have therefore shown that Table 1 makes spe- 
cific provision for partial reflection at the control valve. 

But the transform method, in which no explicit mention what- 
ever is made of any reflections, gives pressures and velocities 
identical with Table 1 and Fig. 2(6). We therefore conclude 
that the proper orders to the transform mechanism are implicit 
in the specified velocity-extinction pattern and that the trans- 
form method may be relied upon to make proper compensation 
for the effect of partial reflection at the control valve auto- 
matically. The valve motion corresponding to column 9 is of 
course nonlinear and possibly even impracticable, but we quali- 
fied our original Example 2 at the outset in the original paper as 
merely an academic step leading to the definitely practical 
Example 3. ; 

In defense of his use of a prescribed boundary condition which 
is not “self-dependent,” the author cites the practice of assuming 
a locus for the deflected elastic line in the Rayleigh method of 
computing gravest frequencies of natural vibration and _ lcast 
critical buckling loads. The assumed equation of elastic line 
frequently bears only “shape’’ resemblance and not necessarily 
any algebraic similarity to the theoretically perfect deflection 
curve; but the results are obtained in surprisingly short time and 
to a satisfactory degree of accuracy. As a parallel case, we as 
engineers perform water-hammer computations for two primary 
purposes, (1) to determine maximum and minimum values of 
total steady-state plus water-hammer head, and (2) to estimate 
speed variations in turbo-machines. As Mr. Nagler pointed out 
so forcefully during the oral discussion, we have no great interest 
in establishing the absolutely correct shape of water-hammer 
curves, except in so far as this feature affects the desired degree 
of accuracy of determination of head and speed, and we gencrally 
find that no economy in capital cost is sacrificed if our computa- 
tions for these variables are not carried to closer than 5 or even 
10 per cent. It is just this practical latitude which permits us to 
develop by the transform method reasonably simple workable 
formulas for even the more complicated problems. 

In response to the incisive comment of Professor Wood, the 
author has prepared a chart to accompany Example 5 for the 
particular case of friction factor F = 0.05 and conduit reflection 

2L 


me 
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been included in the plotting to demonstrate that the wave decays 

in steps generally symmetrical about the reservoir elevation as 

would naturally be expected; but it should be carefully noted 

that inclusion of this term limits theoretically the applicability 
21 


d ? 2L 
of the chart to conduits having a reflection time — = 10. At 
a 


10 see. The effect of the term F VoL has purposely 


some subsequent date, when time permits, the author will under- 
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TABLE 1 ARITHMETIC INTEGRATION—SIMPLE CONDUIT—FOR LINEAR DECREASE OF EFFLUX VELOCITY 
Conduit length L = 5000 ft Initial conduit velocity ¥=%2 fps 
Conduit diameter = 15 ft Wave velocity a= 3000 fps 
Concuit area = 177 sq ft Initial head = 1000 ft 
Valve closure time = 10 sec Initial 0= 2120 cfs 
aT — AV X 2506 Column 4 x 2500 
F = Vy" Wat Ve? “eay ed 
OG at 0.83 sec, Ah= 32.2 % 0.83 or Column 3 32.2% 0.83 
Column 8= previous (H, + h) plus column 3 plus Column 7 
“\VVi000 
olan oO Column 10 x _ Vi000 
2120 x VeoTumn 8 
Note on calculation of reflection: Reflected wave component at time t = 4.17 seconds equals 
direct wave component at time t= 0.83 seconds multiplied by minus 2. 
Reflected wave component at time t= 7.50 seconds equals direct wave component at time t=0.83 
seconds multip) ied by plus 2, added to direct wave component at time t= 4.17 seconds multi- 
plied by minus 2. 
Reflected wave component at time t = 11. 67 seconds equals minus twice the sum of the direct 
wave component at time t= 0.83 seconds plus the direct wave component at time t = 1.67 seconds; 
plus twice the sum of the direct wave component at time t = 4.17 seconds plus the direct wave 
component at time t = 5 seconds; minus twice the sum of the direct wave component at time 
t = 7.50 Seconds plus the direct wave component at 8.33 seconds. 
COLUMN 7 
24h 
COLUMN 2 COLUMN 3 REFLECTED COLUMN 8 COE sae: 
INTERVAL Ah COLUMN 4 COLUMN 5 COLUMN 6 FROM TOTAL HEAD COLUMN 9 COL. 8- 
At AT VALVE AV V Q =177V RESERVOIR Hy + h VALVE COL. 10 1000 
SECONDS FT FPS FPS CFS FT Fa OPENING CFS 
aS = —_— 12.000 2120 — 1000.0 1.000 2120 0 
0.83 9357 —- 1.000 11.000 1950 —— 1093.7 0.882 1950 $3.7 
0.84 93.7 - 1.000 10.000 1770 es 1187.4 0.766 1770 187.4 
0.83 9307 => alae 9.000 1590 aS 1281.1 0.666 1590 281.0 
0.83 ISVS 1 - 1.000 8.000 1415 — 1374.8 0.570 1415 374.8 
0.84 93.7 —- 1.000 7.000 1238 = 187.4 1281.1 0.516 1238 281.0 
0.83 93.7 —- 1.000 6.000 1060 —- 187.4 4187.4 0.460 1060 187.4 
0.83 93.7 — 1.000 5.000 885 — 187.4 1093.7 0.397 885 93.7 
0.84 93 oT — 1,000 4.000 708 SS st 1000.0 0.333 708 0 
0.83 93.7 - 1.000 3.000 Lig} 0 1093.7 0.229 532 9307 
0.83 935.7, - 1.000 2.000 3u4 0 1187.4 0. 149 344 187.4 
0.84 93.7 - 1.000 1.000 LUT 0 1281.1 0.074 177 281.1 
0.83 93.7 —- 1.000 0.000 0 0 1374.8 0 0 374.8 
1.67 Valve closed at time t =10 seconds 374.8 1000.0 0 
1.66 -374.8 625.2 eS Totes 
1.67 374.8 1000.0 0 
1.67 374.8 1374.8 + 374.8 
1.66 —374.8 1000.0 0 
1.67 374.8 625.2 — 374.8 
1.67 374.8 1000.0 0 
1.66 374.8 1374.8 + 374.8 
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Fic. 2 (b) SuprLremenrary CHArt, EXAMPLE 2, BY ANGUS 
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take to compute charts in which, for several assumed representa- 
tive values of friction modulus, the ordinates consist simply of 
the third term of Equation [18]. As Professor Wood points out, 
such charts will have perfect generality so as to be applicable to 
: Art Rr 26 
all cases having the same value of friction modulus ry i 
In computing the chart for Example 5, the author found that 
with respect to the integral terms, Equation [18], convergence 
of the Bessel function series was so rapid that only the first term 
was necessary. With this simplification, Equation [18], for 
z = L at the valve, reduces to 


Ft 
Ad ee a 
P wih alee wre S, 2W 7, 


F 2mL\? F ‘ ane \ 
ae pyc | fetblee at DSRS stsisesa sa 5c0: 35-35% (18a) 
ext ( a y) "Ww aot 


a 
In using Equation [18a] the third term is computed for ¢ = 0 


2L : : 
and ¢ = —; then the fourth term is computed successively for 
a 


2L 4L 4L DL 
m=1,t =—andt=—; m =2,t = — andt = —, andso 
a a a a 


2L Pass 
on. Then taking £ = — as an example, the upper value is given 
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EXAMPLE | 
(HEAVISIDE WAVE ALTERNATE) 


From Equation (5) Original Example 1: 
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In the second integrand replace the hyperbolics by exponentials 
and multiply numerator and denominator by eal: 


res Ab ( ax) 
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By Churchill No 6! p 298 
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l when t>k (12) 
Br, 


Integrating (1!) term by term 


p= wavVo pa 
Py + wave * 


ye +1 dees 
t> Ee t> Ltx t> a t>Shtx } (13) 
P=Pp, + Wave ¥ —1)n+ = 
peg pea) {b> Gon) une > Geass | (14) 
a a 
At gate section when x=L: 
P=P, wave _j)n 
+ eS Rox 1) ty zat} (a) 
a 
EXAMPLE 3 


(HEAVISIDE WAVE ALTERNATE) 


First stage similar to Example 2 (Heaviside Wave Alternate): 
Proceeding from Examine 3 (Original) - Equation 4. 


P=P, + ya (Vo =Vs) (-1)P*! | t= (2n-1) L-x| - |t-(2n-1) L+x 
g/8T > [ a oan | i a ] (13) 
t> (2n-DL-x 5 (2n-1) L+x 
a a 
At gate section when x=L 
P= Py + see t+2 5 (-1)" (t- 224) 
: t> 20k th (14) 
t>o a 


Second stage t= AT tot=T (Heaviside Wave Solution) 
Proceeding similar to Example 2. (Heaviside Wave Alternate) 
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EXAMPLE 2 
(HEAVISIDE WAVE -ALTERNATE) 


From Equation (5) Original Example 2: 


rt. 
= edn + Wave J & sinh AE dh (5) 
an Ne xr 2nigl Br, x cosh A 


Using procedure similar to Example 1 (Heaviside Wave Alternate): 


vo. wavg [(MCHTE MBB) GHB), N-A-Dhon 
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Intergrating (I4) term by term: 
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At gate section when x=L 


P=P, + Wave +2 (-1)" (ea 
| 
gT ie n=t t>2ob (18) 


For zone of “Afterwaves”’ Use similar procedure on Equation (10) 
Original Example 2 : 


P=Po+ wae S* (-1)™" {E- (2n- Ane) xs fe (Best) bax (2n-1 ean 
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byt = from the third term and the lower value by ¢ = — from 
a a 


41 le 
the fourth term. Fort = — the lower value is given by m = 1, 
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4L 41 
i = — and the upper value by m = 2, t = — 
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the summations care must be taken not to mix these two groups 
In one group we have values for ¢ just greater than 0, 


In making up 
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plus ¢ just greater than — 


b 
, plus ¢ just greater than —, and so on; 
a Ch 


Set’ 2L 
while in the second group we have values for ¢ just less than — 
e a 


4h 
t just less than —, and so on. In other words, we never sum 


a 

ee 2L 
values that are not separated by an entire interval 7 
diminished even by infinitesimals of time. 

It will of course be immediately apparent that the value of 
friction factor F = 0.05 has been purposely magnified many 
times over the value normally encountered in practice, in order 
to give substantial drops in intensity for each succeeding wave. 
A friction value F = 0.01 would in all probability be heavier 
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EXAMPLE 4 
CHEAVISIDE WAVE ALTERNATE) 


Equation ms Example 4 (Original): 


p= Pe Can ad + waVo ¢ sinh ee She WwaVe asin (& Sdn (3) 
uit le aan * omg. arp OS (ar =) ~ 2nig br, Ot =; ) cosh (AL) 


2 ai 


Treatment ofs the first two integrals is identical with Example | 
(Heaviside Wave Alternate - Equation 14): 


In thé third integral replace the hyperbolics by a cponentials 
and multiply numerator and denominator by @ AL she 


oe ( Dx a) 
esta sinh Han _ fae* ea les-22) dr (8) 
fz) cosh( AL) . (X+z a\ (it era, 
Br, 47? 
: { - 2AL ~4aL — 6rL ~ 8 4at 
But —~ = I-@ +e %-e@ S+e@ 4....Provided thate *<I (9) 
|+e 
a 
Substituting (9) in (8): 
tx: L+x 3L-x 3L+x 
r(t- 2%) a(t-%) a(t-3%) alr 
SALLE ( a) ot 2) 2 is 2)... dd (10) 
Ses 
Br. 
But by the theory of residues: 
(tk) 
I eINIaA és is when o<t<k (1) 
2ni tee cos [2 (t-k)] when t >k 
Ke 


The integral (10) then becomes: 
{cos [FF (t-+54)]-cos FF ( 2) - cos [7 (t-2) cos Fr(t-48)] 


and the entire pe (3) equals : aco } (12) 


weve} " +1 
RAP mr nerf t> (@n-1) L-x L-x | anates | 


2 wave Fa se eas a lk {t- | (13) 


t> (2n-L-x > (2n 1) L+x 
When x=L at gate: : 


P=P, weve =y? wave 
puay. {\+2R ) 43 (=k #425." cos ff Alea 


2 
bo oe t>o t> 2ab 


than is likely to be encountered in economical pipe-line design, 
but for this more common case the rate of attenuation is hardly 
perceptible for the limited number of intervals that could be 
accommodated on the diagram. The fact that this difference 
between succeeding waves is so small is of course the very reason 
why friction is not a relevant consideration in most practical 
problems. 

Mr. Roberts’ interesting discussion has an important bearing 
on water-hammer fundamentals. His mention of item 3, the 
provision of rate-setting cams for a prescribed nonuniform gate 
motion, may be taken as practical confirmation of the author’s 
thesis that it is entirely feasible for the consulting engineer to 
establish in advance the optimum velocity-extinction pattern 
consistent with most favorable over-all project economy and 
leave to the manufacturer’s engineers the corresponding design 
of terminal mechanism. 

The valve designer could develop the requisite closure rate by a 
procedure essentially similar to that employed in the arithmetic 
integration of Table 1, column 9, or, as an alternative method, 
by trial-and-error shifting of the valve-discharge parabolas of 
the Angus diagram. 

With respect to Mr. Roberts’ and Professor Angus’ mention 
of the desirability of condensing water-hammer results in tabular 
form, the author suggested in his oral presentation that the 
Water-Hammer Subcommittee undertake the preparation of a 
handbook in which compact workable formulas be collected for 
the rapid solution of 50 or 60 representative problems, including 
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CHART TO ACCOMPANY EXAMPLE 5 


SIMPLE CONDUIT- INSTANTANEOUS VALVE CLOSURE 
CONDUIT FRICTION INCLUDED-VELOCITY HEAD NEGLECTED 
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all current types of terminal mechanism and operation, and the 
desired compound- and branched-system cases. This is ob- 
viously too extensive a task for any one individual and conse- 
quently it was the author’s intention that these problems be 
parceled out to about 25 technicians throughout the country, 
assigning each one or two cases. These problems could then be 
exchanged and verified, and the entire task brought to comple- 
tion within a reasonably short time. In the interim preceding 
organization of this undertaking on a large-scale basis, the author 
will continue to derive as many additional representative cases 
as his somewhat limited time will allow. 

During the oral presentation of the original paper, the author 
submitted alternative solutions by the Heaviside wave method 
as well as the trigonometric-series method for each of the illustra- 
tive examples. In response to the interest that appeared to de- 
velop during the subsequent discussion, the fundamental steps of 
these Heaviside alternatives are given in the supplementary 
examples accompanying this closure. 

In connection with the manipulation of Equations [4] and [5], 
original Example 6, it is believed that some word of amplification 
will be worth while. In preparing the chart for Example 6 of the 
original paper, the author’s primary purpose was to indicate how 
the refinements of the method might be dispensed with if it is 
desired to obtain an estimate of the peak instantaneous value of 


‘tthe water hammer and only a very rough idea of the wave pat- 


tern. In line with this purpose, all terms of order C? and higher 
were dropped in Equation [4] and the pattern was based solely 
on what occurred during the first two or three intervals. Be- 
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EXAMPLE 6- ALTERNATE 
CINCLUDING EFFECT OF TERMS IN C°*) 


In Equation (4) Example 6 (Qriginal), include terms in C?: 


aN eV yey _2AL; 2al2 _4rl2 _4ALi_2AL, 
1-Ce a -Ce 42 +C?e 4 +2C*e a a +C*e@ 82 +Ce@ a 
_2ALi _ 4AL2 _ 6ALi _ 2AL2 _4dL_4AL2 _2ALi_ 6dL2 
+Ce a @z -2C’e a a2 -4C’?e ai a2 -2C%e ai a2 
—6ALi_ 4AL2 _ 4ALi_ 6AL2 —8ALi_ 4AL2 _ GAL) 6AL2 
-Ce a a2 -Ce 2 az +3C%e ar a2 +6C*e a a 
~4ArLi_ B8AL2 _ BAL) 6AL2 _ 6AL,_ BAL? 
+3C’?e2 3) 62 +Ce a: a2 +Ce a EF . . . 
—2ALi_ 2rL2 _4AL;_4Alr _ SAL) _6AL, _ BAL)_ 8ALz2 
x l-e 2 a2 +e 4) 22 =¢@ ar a2 +e ai 32 a (6) 


Solve integrals in Equation (3) Original Example by using 
Churchill No 61 p 298 


A(t-k) 
e dar = fo when o<t<k (7) 
En ee |] when t>k 
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At gate section x =L this reduces to: 
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cause of the mounting importance of terms in C? as the series 
progresses, confusion will result if this short-cut is applied to 
later intervals. 

For the cases in which more accurate delineation of wave pat- 
tern as well as the peak pressure is of importance, the attack 
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INSTANTANEOUS VALVE CLOSURE INCLUDING EFFECT OF TERMS C? 
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should be modified as indicated in the subsequent supplementary 
example. Terms of order C? should be retained as indicated in 
Equation [5] of the following alternative solution. These re- 
sults may be accurately applied to succeeding later stages of the 
phenomenon. 

The author appreciates the comment of Professor Angus and 
trusts that the foregoing discussion and closure will to some ex- 
tent compensate for the admitted brevity of the original paper. 
In this connection, Professor Angus, as a successful teacher of 
long experience, is of course well aware that the only effective 
means of mastering any theory is to follow the precept enun- 
ciated by Newton centuries ago and work many representative 
examples by its use. It is hoped that the basic material pre- 
sented in condensed form in the article will, with the references 
given, furnish background for such an approach. 

In conclusion, the author expresses thanks to those who have 
participated in the discussion. 
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Water-Hammer Problems in Connection 


With the Design of Hydroelectric Plants 


By E. B. STROWGER,? BUFFALO, N. Y. 


A review is given of the subject, based upon previously 
published papers, and in addition Allievi charts, which 
have been extended to include practically all problems an 
engineer may consider, are presented. The review covers, 
among other things, a simple statement of the funda- 
mentals of the problem as usually encountered in hydro- 
electric plants, an explanation of the arithmetic-integra- 
tion and graphical methods, and the solution of the surge- 
tank problem. Other aspects of the subject, such as the 
influence of gate motion, pressure conditions along the 
pipe, etc., are discussed. Emphasis is placed upon pre- 
senting to the designing engineer definite and useful pro- 
cedures for the solution of some of the more common and 
simpler water-hammer problems in connection with 
hydroelectric plants. The arithmetic-integration method 
is set forth because it is a useful method per se and is a 
prerequisite to a ready understanding of the graphical 
method. The solution of the surge-tank problem is given 
by reference to the Calame and Gaden approximate for- 
mulas. These formulas, as published in English at the 
present time, contain several typographical errors and, 
consequently, may be misapplied. For this reason, the 
author has included them herein after checking them 
against the original French version. Several typical ex- 
amples of various problems are used as illustrations in 
order to make the methods of computation clear. 


DEFINITION OF WaTER HAMMER 


‘ ‘ Y ATER hammer is defined as the change in pressure, 
above or below normal pressure, caused by sudden 
changes in the rate of flow of water in closed conduits. 
Because of sudden changes in the demand for water during load 
fluctuations, it occurs at all points in pipe lines between the fore- 
bay and the turbines, but to a less extent in the pipe line between 
the reservoir and the surge tank and to a greater extent in the 
penstock. 

Accompanying a rather sudden decrease in load on a hydro- 
electric plant, the turbine gates operate to close and the hydraulic 
gradient moves up from AJ to AB, as shown in Fig. 1. This 
position is called the positive water-hammer gradient. At the in- 
stant the turbine-gate movement ceases, the supernormal pres- 
sure then existing becomes unstable, and the gradient AB begins 
to swing to AC. The pressure then fluctuates between positive 
and negative until damped out by friction. 

Accompanying a rather sudden increase in load on a hydro- 
electric plant, the turbine gates operate to open, and the hydraulic 
gradient moves down from EJ to HG, as shown in Fig. 2. This 
position is called the negative water-hammer gradient. After 
the gate movement ceases, the negative pressure HG swings to 
positive pressure HF’. 

1 Hydraulic Engineer, The Niagara Falls Power Company. Mem. 
A.S.M.E. . 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of Tue 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


The penstock should be designed to withstand at every point 
an internal pressure corresponding to the maximum positive 
water-hammer pressure AB. The negative water-hammer 
gradient AC or HG, whether caused directly by gate opening or 
by the swing of pressure from positive to negative after gate 
closure, should not be below the top of the penstock at any point, 
asat K. If itis, a partial vacuum will occur within the pipe with 
possibility of collapse of the shell. Air-inlet valves to prevent 
vacuum in this case are not recommended, as they may not oper- 
ate quickly enough to prevent collapse. 


GENERAL Discussion 


If the turbine gates of the installation, shown in Fig. 1, are ata 
fixed position, as when the governor is operating on load limit, 
the rate of flow through the turbine orifices is constant and the 
hydraulic gradient remains in a fixed position. If, however, the 
turbine gates are regulating, i.e., causing the orifice area to 
open and close alternately, the column of water is accelerated and 
decelerated, and the hydraulic gradient changes in position. 
During this perturbed regimen of flow, the phenomenon of water 
hammer occurs. During a closure or an opening of the gates, 
kinetic energy is converted to potential energy or vice versa and 
the pressure existing at any instant could readily be computed 
from Newton’s laws of motion if it were not for the effect of 
elasticity of the pipe walls and of the water itself. As the 
pressure changes occur, the water is compressed or relieved of pres- 
sure, the pipe is expanded or contracted, and water-hammer 
waves travel along the pipe as the whole liquid column vibrates. 


Fie. 1 Posrrive Warrr-HAMMER GRADIENT 


Fie. 2 Neeattve Water-HAMMER GRADIENT 
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Velocity and pressure at any instant thus are dependent upon the 
elastic characteristics of pipe and water, as well as upon the in- 
itial conditions of head and velocity, the length of pipe, the 
velocity change, and the character of the gate motion. 


FUNDAMENTAL RELATIONS 


As the turbine gates start closing, a positive pressure wave 
starts to travel up the penstock to the forebay. A given motion 
of the gates may be considered to consist of a great number of 
small motions, each one of which is instantaneous. Considering 
one of these small instantaneous motions of the gates in the clos- 
ing direction, the positive wave resulting therefrom travels up 
the penstock to the forebay and, upon reaching the forebay, it is 
reflected back from the open end of the pipe as a negative wave 
which travels back to the turbine and which has the same magni- 
tude as the positive wave. The time of one round trip of the 
wave is designated as » and is called ‘‘time of one interval’ or the 
“critical time’’ of the pipe. It is expressed (in seconds) as 


where L is the length of the penstock in feet and a is the velocity 
of the pressure wave in feet per second. 

Joukovsky (1)? proved that the maximum water hammer pro- 
duced in a pipe is equal to 


Drax SS rilole melita a acs fete foveliny elvan teital a le [2 ] 
g 


hmax = Maximum pressure rise, ft 
velocity destroyed, fps 
g = acceleration due to gravity, ft per sec per sec 


cb 
~ 
I] 


This pressure rise is produced when a velocity of Av feet per 
second is destroyed instantaneously, or in a time less than the 
critical time of the pipe. Equation [2] is the fundamental 
equation upon which all water-hammer studies are based. 

If the pipe is of variable diameter, the effective velocity v 
should be used in Equation [2] and should be calculated as fol- 
lows 


Ss Vv + love a etc. “ 
L L 


The formula developed for the velocity of the pressure wave 
is given by 


where 


d = diameter of pipe, in. 

e = thickness of walls of pipe, in. 

k = voluminal modulus of elasticity of water, 294,000 psi 

E = modulus of elasticity of material of pipe walls, approxi- 
mately 29,400,000 for steel, psi 

w = weight of 1 cu ft of water, lb 


For steel pipes commonly encountered in practice, this formula 
becomes 


2 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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kd 
For a pipe concreted in solid rock, the fraction Fe in Equation [4] 
e 


becomes infinitesimal, and the limiting value of 4660 is reached for 
a, this being the velocity of sound in water. 

The value of a for wood-stave pipes depends not only upon 
the modulus of elasticity of the wood making up the staves and 
that of the steel of the bands, but also upon the deflection of the 
staves between bands, the degree the bands have been embedded 
in the staves, and perhaps other factors. 

In general, however, the value of a for wood-stave pipes is low, 
how low it is impossible to foretell. This would make the prob- 
lem of water hammer in such pipe indeterminate if it were not for 
the fact that, in many cases, it makes little difference what value 
of a is selected since, with a given time of closure of the turbine 
gates, the higher the value of a the greater the number of inter- 
vals within the closure period. This tends to lower the pressure 
rise and more or less to compensate for the greater magnitude of 
the water-hammer wave. Thus if a is increased, the factor a/g in 
Equation [2], converting velocity change to pressure change, is 
increased, but the number of intervals (see Equation [9]) in- 
creases due to a smaller value of 2L,/a, and these two factors tend 
to offset each other in the result. It is suggested that the follow- 
ing formula be used to determine a tentative value of a, and that 
several lower values be used to investigate what effect a change 
in a has upon the result 


4660 


K D 


SS eee {6] 
1 eet tare ke 
' . sa E,b + E,¢ 


Un, = = 


where 


a,. = velocity of pressure wave in wood-stave pipe 
K = modulus of elasticity of water in compression 
= 42,400,000 psf 
diameter of pipe, ft 
E,, = modulus of elasticity of wood staves. For the usual 
kinds of wood used in the construction of wood-stave 
conduits, the moduli of elasticity are as follows: 


BC favor Douglas firs. ye eee 230,000,000 psf 
Redwood or cypress...........-. 192,000,000 psf 
W.nite DInesr ore rc asremerscore sire te 100,000,000 psf 


For old staves deteriorated by use and the action of 
the elements, these values should be reduced considera- 
bly, for instance, tests on B.C. fir have shown that 
the value of 230,000,000 psf may be reduced to as low 
as 60,000,000 psf. 

= stave thickness, ft 

modulus of elasticity of steel bands in tension 

4,230,000,000 psf 

¢@ = total cross-sectional area of steel bands in sq ft per 

linear ft of pipe 


Bg. 
| 


ll 


For concrete pipe and buried pipe, the value of @ usually runs 
high with a possible upper limit of 4660 fps. 


ALLIEVI’s WATER-HAMMER CHARTS 


Allievi’s chart (2) for the solution of the maximuni pressure 
of water hammer when the velocity is destroyed at a uniform rate 
to zero is reproduced in Fig. 3. The range of this chart has been 
extended considerably beyond that of charts heretofore pub- 
lished, in order to cover many cases of water hammer involving 


A 


STROWGER—WATER-HAMMER PROBLEMS IN DESIGN OF HYDROELECTRIC PLANTS 379 
gy 
ie) 
Te O fo) 0 ig a) (a) ) O O P 
N = a3 o a & g Oral @ of oP 
50 T I y? 
48 
4S 4 
44 
oe) 
42 - a 
AO fF 
Se) 1 
: o) 
26 + Pk, 
S34 
22 / 
20 D 
® 2& Ae 
26 
24 2 oS) 
22 
-20 EE 
1& 
koe) 
1S 2 
14 j0.CP 
12 15.00 
1o 20.02 
2 BO0.CO 
S 40.00 
4 0.0° 
SG Re: 
2 gre 
1 
O123834 58678 SIOl 12 Bi IS 1617 18 [3 2 2 22 2324 2B 26277 28 29 SOS) 32 2334 35 86 57 88 8940 
Fore ENLARGEMENT SEE FIG. | 
Fic. 3 CHart ror DererMINING MaxtmuM Pressure Risk ror UntrorM Gate Morion AND Simple ConpuritTs 
(For large values of p and/or @.) 
pipe lines whose physical characteristics are outside of the values aT T 
for which these charts were designed. The uniform rate of = ETA oh oe Glee he eee [8] 
2 Be 


velocity decrease assumes a uniform speed of closure of the gate 
and a straight-line relation between discharge and gate opening. 
The lines on the chart converge at low values of p and @ and, 
because of this, only a few have been carried through to the p 
axis. Fig. 4 has been prepared to show the detail of the chart at 
low values of p and 6. 

Allievi’s chart for the minimum pressure due to uniform in- 
crease in velocity is shown in Fig. 5. Here also, simple conduits 
are assumed. The chart is made for opening the turbine gates 
from a closed position to any desired degree of opening and at any 
speed of operation. - 

The ordinates of the charts are dimensionless numbers or 
parameters and are designated as p and 6. The parameter p is 
called the ‘‘characteristic’’ of the conduit and is expressed by the 
equation 


where 


Hy = static head at lower end of pipe, in feet (of water), 
measured from forebay level or from elevation of water 
in surge tank at beginning of gate movement to tailrace 
level, and other symbols are as previously given. 

The parameter @ is called the ‘“‘time parameter’ and is the 
ratio of the total time of gate operation to the time of one interval 
as given by Equation [1], i.e., it is the time of gate operation 
expressed in intervals and may be written 


where 


T = time of gate operation as obtained in the following section. 

The symbol Z is a measure of the water hammer. Symbol Z? 
is defined as the ratio of the’ maximum total head to the initial 
head 

Hy + hinax 
= i 


TS A a at ee {9} 

The curves S in Fig. 4 indicate the time, in terms of », which 
elapses from the beginning of closure to the instant of the oc- 
currence of the maximum pressure. An example giving the use 
of Allievi’s charts is given later. 

The charts are for pipes having a constant value of a through- 
out their lengths and, therefore, apply to pipes of uniform wall 
thickness and diameter, classed as simple conduits by the A.S. M.E. 
Water Hammer Committee (3). Where the closing time is rela- 
tively long and the gate motion is approximately uniform, the 
Allievi charts may be used for approximate results in problems in- 
volving complex* conduits. To apply the chart, the complex 
conduit must be reduced to an equivalent simple conduit. In 
this case a value of a should be determined for each section of 
constant diameter and thickness, and the effective value of a 
should be determined from the following equation 


3’ A conduit having variable thickness and diameter. 
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In addition to the Allievi chart, the Quick chart (4) is also 
recommended for the determination of the maximum pressure 
rise for uniform gate motion and simple conduits. 


GatE Motion 


The time of governor action is not necessarily proportional 
to the percentage of gate motion, owing to the fact that certain 
time elements enter ae the problem caused by the physical 
limitations of the gove itself. A typical curve of percentage 

of time of full stro at corresponding to the per er of gate 
travel, obtained on the feck of eee rbine, is shown in Fig. 
6. 

The penstock velocity at any particular gate opening may be 
expressed by an equation in the form of one representing the 
velocity through an orifice as follows 


A = = 
Ve=CrV% Niland Q@hne oe [11] 
ot 
where 
Vo = penstock velocity at gate opening Ag, fps 
C = coefficient of dischar ceeinenine 
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A, = the area of the penstock, sq ft 
Hy = head operating on turbine 
This equation may be written 
Eee Sw Ast hee ee od [12] 
where 
By ns Ot N/a Ae [13] 
P 


Knowing the characteristics of the turbine the value of By may be 
readily determined and for any gate opening A and any head H 
we may write 


vecs Ng “S/H N/E ae Ae [14] 


Where uniform motion of the turbine gates is assumed, the 
relation between time and the gate-opening factor B may be ex- 
pressed by 
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Fig.5 CHarr ror DeteRMINING MAxIMuM FALL IN Pressure FoR UNIFORM GATE MOTION AND SIMPLE ConpDuvuITS 
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FOR FULL STROKE 


ZERO GATE IN % OF TIME 


TIME FROM INITIAL GATE TO 
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Fig.6 TyprcaL RELATION BETWEEN AMOUNT OF GATE TRAVEL AND 
Trme or TRAVEL FOR HypRAULIC TURBINE 
(Per cent time; per cent full stroke to zero.) 


where 7’ is the total time of closure and By the initial gate-opening 
factor. : 

The usual movement of the turbine gates with respect to time, 
however, is not uniform as the mechanism has an inertia effect 
at the beginning of the stroke, and a cushioning effect may be 
present at the end of the stroke. A curve of typical gate motion 
with respect to time is compared with uniform movement in Fig. 
7. This curve may be considered sufficient for preliminary ex- 
amination, but the final curve should be furnished by the tur- 
bine manufacturer. Also the relationship between gate opening 


and discharge in practical cases is not a straight-line relationship, 
as is illustrated by the curve in Fig. 8. 

To simplify the solution of water-hammer problems, by means 
of the Allievi chart, it is possible to secure a value of “equivalent 
time’’ for cutting off the flow to represent the time which would 
be required to close the gates from the wide-open position if they 
moved uniformly at the maximum rate existing at any portion 
of the entire movement. Fig. 9 illustrates one method of ob- 
taining “equivalent time.” 

If the variation of discharge with respect to gate opening is 
also nonuniform, a correction must be applied to the gate open- 
ing to secure the “‘equivalent gate opening” for full quantity 
being cut off uniformly. This equivalent gate opening must 
then be used as a percentage of full gate opening, and a corre- 
sponding additional reduction must be made in the “‘equivalent 
time,” resulting in the net equivalent time 7’, for use in Equation 
[9], as shown in Fig. 9 (see reference 3). 

It should be noted that results thus obtained are approximate 
and if an exact solution is desired, the arithmetic-integration 
method or the graphical method, as described in later sections, 
should be employed. 


CriTicaAL GOVERNOR TIME 


Although the total time of closure in the ordinary hydraulic 
turbine from full gate is much larger than yp, it is evident that 
there is a closure from a partial gate opening with a timing ap- 
proximating the critical time. The pressure rise from such a 
gate closure is obtained from Equation [2] and may be greater 
than the pressure rise occurring when closure from full gate is 
made. Consequently, it is desirable to investigate closures from 
part gate positions as well as closures from full gate to obtain 
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the maximum pressure rise to which the penstock may be sub- 
jected (5). 


PRESSURE CONDITIONS ALONG PIPE 


If closure oecurs instantaneously, the pressure wave will travel 
undiminished up the conduit to the intake or point of relief. 
For closures which take place in a time greater than zero but less 


2L ‘i 
than one interval G >0< =) the maximum pressure rise will be 
a 


transmitted along the pipe to a point where the distance to the in- 


Ta : : 
take is equal to yr From that point to the intake, the pressure 


reduces uniformly to zero. When the duration of uniform closure 


2L 
is equal to or greater than the critical time —, the maximum rise 
a 


of pressure occurs at the gate, and in the case of a pipe of constant 
diameter and thickness, from there to the forebay, reduces to zero 
uniformly along the length of the pipe. If the pipe is of varying 
diameter, as shown in Fig, 10, it is usually assumed that the 
magnitude of the maximum superpressure or depression found 
at the gate diminishes from the gate to the point of open water 
and has a value at any point k, equal to that given in Equation 
[16]. For fast closures, this equation may not give results which 
are sufficiently exact, and for this case the graphical method 
should be used (7, 8). 


hes h(lyy + Lave + tree 1,0,) Pigs. {16} 
: LV LV 
where 
h, = water hammer at point k 
h = water hammer at turbine 
V = effective velocity for whole pipe from Equation [2] 


L = total length of pipe 

ly, lo lg. ...1, = successive lengths of pipe having constant 
velocity values of 1, 02,02... v,, Tespec- 
tively 
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GATE OPENING AND DISCHARGE 


Fig. 10 Prnsrock or VARIABLE DIAMETER 


Using n to denote the penstock at the turbine and referring back 
to Equation [3], we may write Equation [16] as follows 


ARITHMETIC-INTEGRATION METHOD OF COMPUTATION 


The arithmetic-integration method (6), as considered here, 
applies to simple pipes and is included for the purpose of bringing 
out certain fundamental concepts of the subject which will 
facilitate the presentation of the graphical method of computa- 
tion. 

The water hammer resulting from a gate movement can readily 
be calculated by using Equation [2] to determine and tabulate the 
pressure rise (or fall) due to the velocity change during each inter- 


: 21 ; 
val of time of — seconds and by combining properly these tabu- 
a 


lated values of pressure rise (or fall) considered as supernormal 
and subnormal pressure waves. Considering a gate closure, 
and letting V; be the velocity destroyed during the first interval, 
V. the velocity destroyed during the second interval, ete., the 


pressure rise during the first interval is 
ihm 
Ah, = A} L'ohiP iu, 's .010) orrwite)'#: (oye fae a eae [18] 
q 
and the pressure existing at the end of the first interval is 
hy = ho + Ah, Ba) 8,8) 6 sare @ Shlesala a) 6.5 mui Weis {19} 


During the second interval, the pressure rise due to the velocity 
change AV2 is 
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but during this interval the pressure wave formed during the first 
interval is reflected and starts to travel from the valve or gate 
as a subnormal wave. At the end of the second interval, the 
magnitude of this subnormal wave is —Ah, instead of + Ah, 
and the pressure existing at this time is 


hy = hy + Ahe — 2 Ah; “eRe CREME CO IO (21] 


At the end of the third interval Ah; has become subnormal and 
Ah, has become supernormal so that at this time the pressure 
existing at the turbine is 


h; — hz + Ah3 ——- 2 Ahz + 2 Ah wi lyey.s} (eb yee) 90; <a) 0) (0: cournc ve (22] 


From these relations, the ordinary water-hammer problem may 
be solved by means of arithmetic integration. To illustrate the 
method, the solution of the following problem is presented: 

Assuming .a penstock area of 55.66 sq ft, and the following 
conditions 


L = 1000 ft g = 32.2 ft per sec per sec 
Vo = 10.78 fps T = 2.66 sec 
Hy = 200 ft a = 3005 fps 


calculate the maximum pressure rise at the turbine for a gate 
closure to zero at a rate as shown by the gate-time curve in Fig. 
19. Assume that the turbine gate-discharge relation is as shown 
2X 1000 _ 

3005 
0.665 sec. The computation is shown in Table 1; and the fol- 
lowing procedure is used: 

1 The time in terms of intervals and seconds is recorded in 
columns 1 and 2 in Table 1. 

2 The initial gate-opening factor Bp is calculated from Equa- 


10.78 


—7=—= = 0.7623 and recorded in the first 
200 


in Fig. 19. The time of one interval, Equation [1], is 


tion [12] or Vo = 


line of column 3. 

3 The initial values of head and velocity are set down in the 
columns 4 and 5, respectively. 

4 The remaining values of B in column 3 are then set down, 
using Fig. 19, as follows: Entering curve A (Fig. 19) with the 
value of time at the end of the first interval, i.e. 0.665 sec, the 
gate-opening position of 80 per cent is found. Entering curve 
B with a gate-opening value of 80 per cent, a discharge of 541 cfs 


= 9.724 fps 


is found. This corresponds to a velocity of 


5 
55.66 
and therefore the value of B at the end of the first interval is 


9.724 
/200 = 0.6876. Similarly the values of B at the end of the 


second, third, etc., intervals are obtained. 
5 The change in velocity during the first interval is then esti- 
mated. Since there are four intervals in the closure, this velocity 


change would be not greater than = 2.695 fps, due to the 


slow motion of the gate at the start. Accordingly, the value 
selected would be somewhere between 0 and 2.695. Estimating 
this change at 0.330, the pressure risg during the first interval 
>. xX 0.330 = 93.32 X 0.330 = 30.79 ft. This is 
entered in column 7 as fy. 
6 The total head at the turbine at the end of the first interval 
is then calculated as 200 + 30.79 = 230.79 and entered in 
column 4. 


would be 
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7 The velocity remaining at the end of the first interval 
is 10.780 — 0.330 = 10.450 which is entered in column 5. 
8 The value of B, corresponding to a head of 230.79 and a 


velocity of 10.450, is then calculated from Equation [14], 
10.450 
3 \/ 230.79 = 0.6876 and, if this value checks the one already 


recorded in column 3, the estimate of velocity change, i.e., 0.330, 
is correct. If this value of B does not check the one already re- 
corded, a new estimate of velocity change is then made and the 
steps_outlined are again taken, until a satisfactory check is ob- 
tained. 

9 Similarly the remaining figures in the table are filled out, 
remembering that Equation [23] should be used to obtain hy, i-e., 
the h, at the end of the third interval is calculated as follows: 

hy = 175.36 + 481.00 — 2 X 206.15 + 2 X 30.79 = 305.64 


TABLE 1 ARITHMETIC INTEGRATION 
(Ob) (2) (3) (4) (5). (6) (7) 
———Time Gate Head Velocity Ah = 
Intervals Seconds B H V and AVY 93.32 AV hs 
0 0 0.7623 200.00 10.780 0 
0.330 30.79 
1.0 0.665 0.6876 230.79 10.450 30.79 
2.209 206.15 
2.0 1.33 0.4253 375.36 8.241 175.36 
5.155 481.00 
3.0 2.00 0.1372 505.64 3.086 305.64 
3.086 287.90 
4.0 2.66 0.0000 182.26 0.000 —17.74 


GrRapHiIcaL Mmtuop oF ANALYSIS 


The graphical method (7, 8) of determining the water- 
hammer pressure in pipes is convenient for use in solving many 
problems which, with analytical methods, would require considera- 
ble time and labor. In general, the method involves the plot- 
ting of sets of simultaneous equations relating flow or velocity to 
head, and taking the form of a series of straight lines and a series 
of parabolas, the straight lines representing the pressure due to the 
direct and indirect water-hammer blows, and the parabolas repre- 
senting discharge through the turbine gates, considered during 
the disturbed regimen as a series of orifices under varying heads. 
The orifice relation is given by Equation [14] and, assuming 
that the penstock from turbine to forebay is uniform in thick- 
ness and diameter, as illustrated in Fig. 11, the water-hammer 
equation is given by 


a ) 
Han sae A gu'/, =-+ 9 (V an a V pat/2) | 
{ 


a 
H5n/, — Han = aac (Van/2 — Van) | 


where 


Har, = head, in ft, at the gate end of the penstock at time ¢, 

H 3;'\/, = head, in feet, at forebay end of penstock at time t:;, 
(4/2 interval) 

velocity, in ft per sec, at gate end of penstock at time 
i 


ll 


Vari 


tl 


Using the zero subscript to indicate initial conditions, and lower- 
case letters primed to indicate head, velocity, etc., in terms of 
relative values, thus 


, W Ae H d , (2 
y= — —,an = oe eee 
Vom Wn mackie: Bs us 
then Equation [14] becomes 
ER Bane hc. [26] 
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and Equation [24] becomes 


h'Byy, — h’An = — 2p (v’Bay, — v’An) 
h'Ay — h'Binj, = + 29 (v’'An —v'Bary,) 


where p is the parameter as given by Equation [7]. 

To solve Equations [26] and [27] graphically, a diagram as 
illustrated in Fig. 12 is constructed. The family of parabolas 
starting from the origin is first constructed. One parabola is 
made for each interval of time (or fraction of interval). In the 
diagram, the curve 7’ = 1 gives the relation between h and v 
for the initial gate opening as in Equation [26], the curve 


ra(i GUN ne ade a 
ow aT Ne ae 6 


for the gate opening at the end of the first interval, etc. From 
the point 1, 1 a line of slope (—2p) is drawn which intersects 


1 
= 1 a0, at Ay. This line represents the first straight line of 


Then a line is drawn through A,; with a slope of 
(+ 2p) which intersects the line A = 1 at Byiy,, etc. The co- 
ordinates of the points Aj, A,, etc., indicate the head and 
velocity conditions at the turbine end of the penstock at the end of 
intervals 1, 2, etc., and the co-ordinates of the points By,, By1/., 
etc., indicate the head and velocity conditions at the forebay end 


Equation [27]. 


nik ae 
of the penstock at the end of intervals 2 ou etc. The pressure- 


time curve for the turbine end of the penstock is obtained by 
plotting the values of head at the points A,o, Ay, Ay, etc., against 


2L 4L 
0, —, —, etc., seconds, respectively. 
Bo @ 


Where friction is an appreciable quantity in relation to the 
total head on the turbine, it should be taken into account. This 
may be done graphically by assuming that the friction acts as 
though it were concentrated at one or more points along the pipe. 
The greater the number of points selected for concentrating the 
friction, the greater the accuracy obtained. Usually it is suf- 
ficiently accurate to assume that all of the friction is concentrated 
at the gate or valve. 

Fig. 13 illustrates the method of taking account of friction on 
the assumption that it acts at the turbine end of the conduit. 
The parabolas, representing the discharge-head relations for the 
various gate positions at interval points during the closure, are 
first drawn and then the line OA is drawn below the X axis by the 
amount of the friction loss in the conduit. The diagram is then 
begun at the point C which is located on the X axis and directly 
above the point B which is at the intersection of the parabola 
for the initial gate opening and the friction curve. The line DC 
is drawn through C with the slope of —2p, and then the line HB 
is drawn below DC by the amount of the friction loss. This line 
intersects the parabola for the end of the first interval at F. 
A vertical line through F intersects DC at the point G which 
gives the velocity and head conditions at the end of the first 
interval. The same procedure is followed for succeeding inter- 
vals, as shown by the diagram. 


APPROXIMATE Equations For WatTeR HAMMER IN PENSTOCK 
Wits Surce Tank 


In the case of a hydroelectric plant supplied with a surge tank, 
the water-hammer pressures which may take place in the pen- 
stock or pipe line, due to tripping the load off the station, may 
be determined by close approximation by the formulas of Calame 
and Gaden (9), and (10). By the ingenious use of a number of 
parameters or “‘relative values,” these authors have reduced con- 
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Fig. 


siderably the work formerly required for a solution of this prob- 
lem. 

The water-hammer pressures in the system should not be 
confused with the more or less gradually changing pressures 
caused by the mass oscillation of the water which takes place 
over a much longer period than that associated with the normal 
timing of the gate stroke. The pressure rise due to mass os- 
cillation may be larger or smaller than that due to water hammer 
and should also be investfgated to see which is controlling for the 
proper design of the pipe. 

In the following analysis, it is assumed that the governor time is 
greater than the period of the penstock (u4,). Also the effect of 
friction is neglected, 

Fig. 14 shows a typical surge-tank installation, with pipe line 
a, tank b, penstock c, and turbined. The following list of sym- 
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bols refers to this diagram. If there is more than one penstock, 
the group may be considered to be reduced to a single penstock 
with equivalent values of a,, Vo, etc. 


Let 
L, = length of pipe line along its axis from forebay to surge 
tank, ft 
L, = length of surge tank along its axis measured from 
intersection of axes of riser and pipe line to initial 
water surface in tank, ft 
L, = length of penstock along its axis from surge tank to 
turbine, ft 
a, = velocity of pressure wave in pipe line, fps 
a, = velocity of pressure wave in surge-tank riser, fps 
a, = velocity of pressure wave in penstock, fps 
749 = initial velocity in pipe line, fps 
Voo = velocity in riser of surge tank corresponding to initial 
flow in pipe line, fps 
Vo = initial velocity in penstock, fps 
. aah 2L, 
Ha = period of pipe line, (sec) = a 
2L, 
, = period of surge tank, (sec) = 7 
b 
: 2L, 
u, = period of penstock, (sec) = — 
a, 
Ke 
: 29 Hw 
K, = ar Vio 
29 Hi 
de V. 
K, = = 
29 Hp 
ae Ve 
K,==——= 
2g Hy 
H h ma: . . 
Z*, mex = ah ease = ratio of maximum total head at 
0 
turbine with respect to initial 
head on turbine 
h ma; . . . . 
(23; max —1) = sre = maximum pressure rise at turbine in 
0 
terms of total head Hy 
T = governor time, sec 
tl 
NSS 
He 
K 
M,=—= 
ae 
Ka 
M,= K 
Hi hom : ; 
A, = = Z *™ — ratio of maximum total head at surge 
bo 


tank with respect to initial head at 
tank 


Subscript 0 refers to initial conditions, subscript a to the pipe 
line, } to the tank, and d to the turbine. 

The pressure rise at the lower end of the penstock is deter- 
mined approximately as follows: 

1 If K, < 1, the pressure rise is a maximum during the first 
interval of », and 


2K4/N. gee 


2 a She) a Sewer Ta 
Aan coe) 1+ K,(1—1/N,) 


385 


Fie. 14 Typican Surce-Tanx INSTALLATION 


2 If Kq> 1, the pressure rise tends toward a maximum of 
(CAF seit) aa 


The value of Z?gmax in Equations [28] and [29] for a particular 
installation may be evaluated by reference to Figs. 15 and 16, 
respectively. 

The pressure rise at the base of the surge tank may then be 
calculated as follows: 


1 IfM,—M,—1> 0, the maximum rise occurs during the 
first interval and may be expressed as 


2Kou,{ Z2a max — 1 
Th cae N)) Fe A on 
iste fee (Bot | Pe 


2 If Ms — M, — 1 < 0, the maximum rise occurs during 
subsequent intervals, and the maximum pressure rise may be 
calculated from 


(275m ray, 


NUMERICAL EXAMPLES 


Ezample1. Pressure Rise With Uniform Gate Motion Friction 
Neglected. 

Assuming uniform gate motion and a straight-line relation 
between gate opening and discharge, find the rise in pressure at 
the turbine if the penstock velocity is reduced to zero with the 
following initial conditions and physical constants given. Also, 
plot the pressure-time curve to cover the duration of closure and 
the first few afterwaves. 


L = length of penstock = 805 ft 
Vo = penstock velocity = 8 fps 
Hy = head = 160 ft 
T = time of closure = 4 sec 
a = 3220 fps 
From Equation [1] 
2L 


p= — = 0.5 sec 
a 
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from Equation [9] 


Ts 4 
es = SSS 
LK 0.5 
and from Equation [8] 
aVo 3220 X 8 3 SS 
P= os = PANS 2p =o 
QgHy 2X 32.2 X 160 


1 Solution by Allievi chart for maximum pressure rise (Fig. 
4): 

The maximum pressure is found by obtaining the value of Z? 
when @ = 8, and p = 2.5 and, from Equation [10], is 


Ho + hmax = 1.363 XK 160 = 218.1 ft 


JULY, 1945 


The maximum pressure rise is therefore 


RAmax = 218.1 — 160 = 58.1 ft, or 36.3 per cent 
This pressure occurs between the 5th and 6th intervals, as deter- 
mined by the S lines on the chart. 

2 Solution by graphical method (see Fig. 17): 

Compute the parabolas determined by Equation [26] for 
values of 7’ of 1, 0.875, 0.75, 0.50, 0.375, 0.25, and 0.125. These 
curves are marked Ou, lp, 2u, etc. The series of straight lines 
is drawn with alternate slopes of +5 and —5, and intersect the 
parabolas and the line h = 1 at the working points. The points 
1, 2, 3, 4, ete., indicate the values of hk at the turbine at the end of 
intervals 1, 2, 3, 4, etc., respectively. The maximum pressure is 
shown to be 
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Chart solution of Equation (29) fitz -1) = 


Fie. 16 


Where K, >] 


d max. 


CHART SOLUTION OF Nquation [29] 
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1.365 X 160,= 218.4 ft 
and the maximum pressure rise is 
218.4 — 160 = 58.4 ft or 36.5 per cent 


The maximum pressure is shown to occur between the fifth and 
sixth intervals. Fig. 18 shows the relation of pressure at the 
turbine and time during, and for a short time after, the gate 
closure. The time and pressure values are taken from the upper 
set of working points in Fig. 17. It should be noted that the 
points 8, 9, 10, 11, ete., are for conditions immediately follow- 
ing the gate closure and show the afterwaves of the pressure 
diagram. 

Example 2. Pressure Rise With Nonuniform Gate Motion, 
Friction Neglected. 

With a rate of gate closure and a discharge-gate relationship, 
as shown in Fig. 19, find the maximum pressure rise at the turbine 
for full load thrown off in 2.66 sec, assuming a flow of 600 cfs 
corresponding to full load, a head of 200 ft operating at the 
turbine, and the penstock conditions given in Table 2. 


TABLE 2 PENSTOCK CONDITIONS FOR EXAMPLE 2 
Section of penstockic. icc i <1. ses wens vie 1 2 3 A 
WiamMeEber, 5 Obie, scasiccn sc serecs ni rerare sip eueye age 9 9 8.5 8 
Length*of section, it...-- -<--.le ee 100 200 300 400 
"Thickness: 6S4ny 25 o heres oeteeren el arcieuah tak 1/2 3/4 3/4 3/4 

BT Brae Rie eieigwisie eS yore a aac 216 144 136 128 
METRE eS cE eg ON eRe ee OR 2625 2990 3050 3100 
ATER ASQ bao sree Acciona eke por 63.6 56.7 50.3 
Velocity for Q = 600 cfs............. 9.44 9.44 10.58 11.93 
From Equation [3] 

300 X 9.44 + 3800 X 10.58 + 400 X 11.93 
i= = 10.78 fps 


1000 


From Equation [10] 


1000 100 200 300 400 
a 2625 + «2990 ' 3050 3100 


Average a = 3005 fps 


2L 2000 
L==> = = = 0.665 sec 
a 3005 
PCBS Tay 
~ 0.665 — 


The values of 7’ (see Equation [26]) are first obtained for as 


' 
14 


Fic. 17 GrapxuicaLt SOLUTION OF PROBLEM 1 


many points along the gate curve as desired, in order to plot the 
parabolas shown in Fig. 20. These values are obtained, as 
shown in Table 3, for every half interval of time during the 
closure. With these values of 7’ the family of parabolas as shown 
may be drawn, and then the straight lines of slope plus and minus 
20 = 3005 X 10.78 = 5.026 
32.2 X 200 
are drawn. 


TABLE 3 «VALUES OF 7’ FOR HALF INTERVALS DURING GATE 


CLOSURE 
Gate opening, 
———_Time———~ per cent Cfs 
Interval Sec (from Fig. 19) (from Fig. 19) V ip! 
0 0 100 600 10.78 1.000 
0.5 0.333 93 586 10.50 0.975 
1.0 0.665 80 542 9.72 0.902 
1.5 1.00 63 455 8.16 0.757 
2.0 * 1.33 46 335 6.01 0.558 
2.5 1.66 29 210 3.77 0.350 
3.0 2.00 15 108 1.94 0.180 
3.5 2.32 5 35 0.63 0.059 
4.0 2.66 0 0 0.00 0.000 
End of 


Gete Closure 


1 
h 
TIME~ SEC. 
hic. 18 Presscre-Time Curve ror PRoBLEM | 
TOTAL TIME 2.66 SEC. | 
EQUIVALENT TIME 1.90 SEc. 
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The maximum pressure is shown to be 
2.525 X 200 = 505.ft 


The maximum pressure rise is 305 ft or 153 per cent. 

It should be noted that, if the Allievi chart is used to deter- 
mine the pressure rise by using the ‘‘net equivalent time” of gate 
closure, as shown in Fig. 19, and as discussed in the section on 
“Gate Motion,” we obtain 


Ae ARo6 
~ 0.665 


ae 3005 X 10.78 is pid 

64.4 X 200 
and a pressure rise of 400 ft (instead of 305 ft) which is con- 
siderably on the safe side for design purposes. This particular 
example was chosen to emphasize the statement made under 
“cate motion” that the use of the approximation of ‘‘net equiva- 
lent time” gives an approximate result and that, if an exact 
answer is required, the rigorous solution as just shown should be 
used. 

Example 3. Pressure Drop With Uniform Gate M Rees and Fric- 
tion Neglected. 

Assuming uniform gate motion and a straight-line relation 
between gate opening and discharge, find the fall in pressure at 
the turbine if the penstock flow is increased from zero to 600 cfs in 
the case of the turbine installation described in Example 2. As- 
sume 

T = 3.66 seconds for the opening stroke of the governor 

The maximum fall in pressure may be found by obtaining 
the value of Z? in Fig. 5, for the proper values of 6 and p. In 


3.66 
—— = 5.5, and p = 1.513. Term Z? is therefore 


0.665 
0.58; the minimum pressure 0.58 X 200 = 116 ft; and the fall in 
pressure 84 ft or 42 per cent. 
Example 4. Pressure Rise at Turbine and at Base of Surge Tank. 


= 2.346 


this case 6 = 


Data: Head at turbine = 266.3 ft 
Head at base of tank = 213.2 ft 
Initial flow = 1650 cfs 
Closing time = 6 sec 
Pipe line Surge tank Penstock 
L, = 11850 ft 1G, = PANSY L,-= 250 
a, = 2400 fps a, = 2400 a, = 2400 
(Dy a ay Dal Oeentee D, = 13'- 9" 
A, = 153.94 sq ft A, = 89.42 A, = 151.98 
Van= 10.72fps Veo = 18.45 Veo = 10.86 
lta = 9.88 see uy = 0.178 te = 0.208 
K, = Aq Vao K, = ap Veo K, =. a, Vio 
29 Huo 29 Hi 29 Hoo 
2 2400 X 10.72 x 2400 X 18.45 4 2400 X 10.86 
G4 256013 -9 ~ 64.4 X 213.2 ~ 64.4 X 213.2 
SNeeyes == By PPS = 1.898 
N. ae a 28.85 b f int ] 
NS Se = WSs m rvals 
n  0.208 number of intervals 
V< 2400 10.86 
Ea SE MT 
29 H, 64.4 X 266.3 


‘zg > 1, therefore the pressure rise at the lower end of the pen- 
stock is determined by using Equation [29] or Fig. 16. 


K,/N. 1.520/28.85 
(Z%4 max — 1) 
1—K,/2N, 1—1.520/2 X 28.85 
005274, ose 
2 U9T87. 2 
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K, 1.874 

Wy Se Se (GH 

ae a oe ; 
K 1.874 

M, == =-— =0.9 
Te SoS al 

M,— M,— 1 = 0.581 — 0.987 —1 = — 1.406 
M,—M,—1< 0, therefore the pressure rise at the base of the 


tank is determined by using Equation [31] 


gy en merate (eet _ 1,874 X 0.178 — 0.0541 
ae Kame M, 1.520 X 0.208 “~ 0.581 
= 0.0982 


The pressure rise at the lower end of the penstock is 0.0541 X 
266.38 = 14.4 ft, and the pressure rise at the base of the tank 
0.0982 X 213.2 = 21.0ft. 
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STROWGER—WATER-HAMMER PROBLEMS IN DESIGN OF HYDROELECTRIC PLANTS 


Discussion 


R. W. Anous.* Early in the paper the author refers to the 
changes in velocity in the part of the system between the forebay 
and the surge tank as causing water hammer, but there is a dis- 
tinction between what happens in the “conduit” just referred to 
and the penstock. Inthe former, a mass movementof the water 
always takes place, and it is always possible to treat the water 
and pipe walls as inelastic, except in the unfortunate case where 
the surge tank is separated from the conduit by a long small pipe; 
in the penstock for complete closure there is no mass movement 
and the elasticity of the parts must be allowed for. While a 
similar treatment may be applied to both parts of the plant, there 
is a distinct difference in the principles involved. 

The author’s Equations [3] and [10], respectively, for pre- 
liminary values of effective pipe velocity and effective wave 
velocity in tapered pipes, are in common use and save a great 
deal of time in such cases, but the writer knows of no proof of 
their accuracy and asks if the author does. No matter what 
method is used in computing water-hammer pressures, it is al- 
ways tedious to take accurate account of changes in diameter, 
and these formulas enable the pipe to be treated as a simple one; 
for accurate results, however, the complete calculation should be 
made. 

The writer has checked the accuracy of Equations [8] and [10] 
in case of the compound pipe discussed in a paper by Billings, 
Dodkin, Knapp, and Santos, and published in the Symposium on 
Water Hammer.’ The pipe had a horizontal axis and consisted of 
354 ft of pipe 0.655 ft diam attached to a reservoir and joined at 
its outer end to 1630 ft of pipe 0.394 ft diam; the outlet of the 
smaller pipe was equipped with a control valve, the head was 328 
ft, and friction was neglected. The steady velocities in the pipes 
were 0.91 fps and 2.52 fps, respectively, and the values of a were 
4440 fps and 4180 fps in the large and small pipes, respectively. 

Using the Equations [3] and [10] of the paper, the ‘‘equivalent 
simple pipe’’ would have a velocity (0.91 X 354 + 2.52 X 1630) 
/1984 = 2.233 fps, and a value of a of 1984/(854/4440 +1630 
/4180) = 4224 fps; its length would be 1984 ft and the pressure- 
wave interval 2 X 1984/4224, or 0.939 sec, while p would be 0.447. 

The closing of the gate is linear in 2.20 sec in each case. 

In Fig. 21 of this discussion, the writer has plotted in solid lines 
the results he obtained on the pressure rise at the gate for the 
“equivalent simple pipe,”’ and in dotted lines the values given in 
the previous paper® for the actual pipe. The agreement is exact 
for the maximum pressure and is fairly close for all the lengths of 
the curves. 

The writer has never found it necessary to try to establish a 
‘net equivalent time”’ of gate closure where the latter moves in an 
irregular way, as shown in Fig. 9 of the paper. It is always a 
simple matter to take account of any type of gate motion, and it 
should be done, since the pressure rise is very sensitive to the 
shape of the “‘time-gate’”’ curve. In the numerical calculations 
made by the author, there is no difficulty in using the actual, in- 
stead of the modified form of gate-closure curve. 

The writer does not think the Allievi diagrams in Figs. 3, 4, 
and 5 of the paper are very helpful in practice with our present 
knowledge of water hammer. Nobody has greater admiration 
than the writer for the work of Lorenzo Allievi and for the con- 
tributions he has made; he entered a practically unknown field 
and left a series of elegant solutions to a difficult problem. Allievi 
confined his attention to the simple pipe and to uniform gate 
closure, and the writer has found that with beginners this method 
is instructive and lends itself to a series of diagrams such as the 


4 Professor Emeritus of Mechanical Engineering, University of 
Toronto, Toronto, Ont., Can. Honorary Mem. A.S.M.E. 
5 Refer to author's Bibliography (3) 
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ine is for the ‘tequivalent simple pipe.’ 


author has included. They stimulate interest in the subject, and 
are of great importance if for no other reason. But Allievi’s 
assumptions are rarely, if ever, realized in practice, and the type 
of gate closure has a very great effect. Further, the graphical 
method® enables a problem to be solved (if Equations [3] and 
[10] are used) in a few minutes, with a high degree of accuracy, 
with any possible type of gate motion. 

The author has shown that, in his Example 2, the charts indi- 
cate a pressure rise of 400 ft, while he estimates the correct rise 
to be 805 ft, so that the chart is quite inaccurate in this case. 

It hardly seems desirable, therefore, to bring out these charts 
again even for preliminary work. With a small drafting board, 
or a pad of cross-section paper, the correct diagram for each 
case is easily drawn, although attention should be given to scales 
if acute intersections of lines are to be avoided. 

Equations [28] to [31] of the paper are based on the deductions 
of Allievi and apply to linear gate closure, so that they also should 
be accepted with reserve. The solution of this problem with any 
type of gate motion may be made by the graphical method, as 
explained previously by the writer.7 While convenient solutions 
are available it does not seem desirable to use methods limited to 
special cases different from those being examined. In so far as 
formulas are used to give preliminary sizes of tanks, they are of 
great value, since otherwise the true size can be found only by re- 
peated trials, which is a very slow process. 

The graphical solutions given by the author have been pub- 
lished in various other papers and a fairly complete bibliography 
is given in the Water Hammer Symposium,® and in a paper of the 
writer,® among other sources. The writer hopes that the Water 
Hammer Symposium will be reprinted in revised form, and that 
before too long the principal papers dealing with this subject will 
be available in one publication. 

In considering water hammer in power plants, the effects in the 
draft tubes may be serious, relative to those in the penstocks. 
Cases are not unknown where the entire rotating element has 
been lifted by the pressure rise in the draft tube, and therefore 
the penstock and draft tube should be considered at the same 
time. The writer has shown one method of dealing with this 
matter.” 


C. R. Martin.2 For many years the writer’s company has 
used the arithmetic-integration method for solving the problem 


6 Refer to author’s Bibliography (7). 

7 “Water Hammer Pressures in Compound and Branched Pipes,” 
by R. W. Angus, Trans. A.S.C.E., vol. 104, 1939, p. 340. 

3 Engineer, Hydraulic Department, Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis. Mem. A.S.M.E. 
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of pressure changes and speed regulation as developed originally 
by Mr. Gibson and later further explained by Mr. Strowger, 
Mr. Kerr, and other commentators. 

It is our practice to prepare a complete table for each calcula- 
tion of pressure and speed rises, with the addition of one extra 
column to show the unit speed at 1-ft head for each interval of 
time. The unit-speed column is for the purpose of correcting the 
turbine efficiency for changes above and below normal speed. 

As pointed out by the author, it is necessary to consult with the 
turbine manufacturer for final curves to show the relationship be- 
tween gate motion, discharge, horsepower, and efficiency all 
based upon time in seconds. It is considered necessary only to 
use that portion of the gate motion between the synchronous- 
speed no-load gate and the maximum gate opening. With present 
turbine designs, the gate motion is identical with the stroke of the 
servomotor. <A rate-limiting device used in connection with the 
governor can always be set to produce this relationship. 

Governor regulating valves, in most cases, are made to respond 
immediately to a change in speed, or at least within 0.01 per 
cent, which is the governor sensitivity obtained with present-day 
governors. The top portion of the curve, as shown in Fig. 7 
of the paper, can be constructed on the basis of allowing 1/4 sec 
to obtain the rate of travel as specified for the governor-operating 
time. Ifastraight line is drawn from this point of intersection for 
100 per cent gate opening and '/,-sec time to the intersection of 
the gate opening at synchronous speed no-load and the full 
governor operating time, a correct relationship will be established 
between these points. The top portion of the curve can be con- 
structed by drawing in an are of a circle tangent to the straight 
line and passing through the 100 per cent gate opening, locating 
the center of the are on the zero line for time in seconds. The 
interval of time between the actual speed change and the start 
of the servomotor stroke is so small that it need not be con- 
sidered in speed-regulation calculations. The gate position for 
synchronous speed no-load is one that must be furnished by the 
turbine manufacturer, as this may vary from 2 per cent as the 
lower limit to as much as 30 per cent of full-load gate position, de- 
pending upon the type of turbine and the variation in head under 
which the turbine will operate. The lower figure would apply to 
high-head turbines, while the higher figure is commonly experi- 
enced with propeller-runner installations. 

In speed-regulation and pressure-rise calculations, the governor 
operating time should be defined as “the time consumed in mov- 
ing the gates from synchronous speed no-load to full gate open- 
ing,’ and vice versa, for the reason that it is necessary to throttle 
the discharge from the servomotor between the synchronous- 
speed no-load gate position and final closure to avoid slamming 
of the gates. Otherwise, it would not be possible to carefully, de- 
sign a predetermined breaking point in the gate linkage. This 
slow travel does not affect pressure rise and speed regulation and 
can safely be disregarded. The time consumed in the final 
closure may equal or exceed the total governor-operating time. 

Where extreme head-water elevations are encountered, pres- 
sure-rise and speed calculations should be made to cover the entire 
range of head variation. For example, if the governor time is set 
for 5 see for normal operating-head conditions, it sometimes 
happens that the maximum head may be 50 per cent greater, and 
the governor-operating time may be reduced for the higher head 
We may have a 3-see governor closing time as the 
gate opening may be only 60 per cent of the full gate. Many 
times the normal rating is fixed at approximately best efficiency 
under normal head in order to provide for greater unit power 
under low-head conditions. Most of our high-head plants as now 
built must be designed to operate under wide range of head. The 
result is that we have a change in governor time and penstock 


condition. 
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velocity for the different head conditions, which should be given 
consideration. 

The manufacturer has found that pressure changes must be 
considered at three different points, namely, pressure change on 
the penstock, at the contraction of the speed-ring throat, and on 
the discharge side of the runner. The penstock manufacturer 
wants to know the pressure rise pertaining only to the penstock, 
and the waterwheel designer must design for the maximum pres- 
sure rise in the speed ring. The maximum pressure effect on the 
runner must be calculated to determine the horsepower input and 
corresponding speed rise for load-off conditions. To obtain this 
figure, the vacuum produced in the draft tube must be carefully 
analyzed and due consideration given to the surge effect or the 
negative pressure created to absorb the momentum of the water 
column. This consideration has led to further study in the 
matter of draft-tube design. It is quite possible that the short 
form of draft tube, of the straight conical type with flaring dis- 
charge, as exemplified by the hydraucone, could be profitably 
used for some of our low-head-turbine installations. 

While it is true that the change in the velocity of the wave 
does not materially affect pressure rise, it should be pointed out 
that with a lower value of a, we shall have a lower pressure rise for 
instantaneous gate movements and therefore less possibility of 
destructive pressure rises. 

By making the complete calculations for pressure rise and 
speed regulation, we can plot curves for pressure rise, velocity, 
and speed change. Electrical designers are now requiring that 
they have information on the rate of speed change, as this rate 
affects the design of the generator-excitation system. When full 
load is thrown off the generator, they have the problem of limiting 
the maximum voltage, and know the speed 
characteristics of the unit. 

Regulation guarantees are based upon load thrown off from the 
fixed gate opening to the synchronous-speed no-load gate posi- 
tion. This does not mean that the same speed rise would be ob- 
tained for throwing off fractional loads, starting at full gate open- 
ing. For example 25 per cent load-off from approximately 25 per 
cent gate position to synchronous-speed no-load position may 
only mean 2 per cent rise in speed, but this same amount of load 
thrown off from full-gate position to approximately 75 per cent 
gate may in extreme cases mean a 10 per cent rise in speed. 
Generally speaking, it is only practical to take on a maximum of 
50 per cent load with a unit operating alone. 

The writer feels that the author and his associates have done a 
great service to the hydraulic-engineering fraternity in so ably 
analyzing the problem of pressure changes and speed regulation. 
The turbine manufacturer is concerned only with the turbine de- 
sign and is therefore in no position to furnish information be- 
yond that for his own particular turbine. The economy of a hy- 
droelectric plant is so involved in the full consideration of pres- 
sure changes and speed regulation that a complete solution can 
only be effected by engineers skilled in this work. 


therefore must 


L. F. Moopy.® This paper should be of value to the engineer 
who has not specialized in water-hammer theory. The literature 
on the subject is so scattered that a concise explanation of the 
application of the principles to problems of frequent occurrence is 
a most useful contribution. One of the most helpful publications 
in this field was the Symposium on Water Hammer.’ It would be 
a useful project for our Water Hammer Committee to bring it up 
to date, amplify it, and republish it. The present paper also 
contains some new material, particularly a convenient exten- 
sion of the Allievi charts for uniform closure. 

The writer notes a few minor points which may be worth con- 
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STROWGER—WATER-HAMMER PROBLEMS 
sidering: Under ‘Fundamental Relations,” the third sentence 
may not convey to some readers a clear idea of the nature of 
the “reflection” of the pressure wave. It states that upon an in- 
stantaneous closing motion of the gate at the outlet of a pipe— 
“the positive wave resulting therefrom travels up the penstock 
to the forebay and, upon reaching the forebay, it is reflected back 
from the open end of the pipe as a negative wave which travels 
back to the turbine and which has the same magnitude as the 
positive wave.’ The action may be viewed as a negative wave 
superposed on the initial positive wave; or it may be explained as 
follows: On reaching the forebay the pressure rise is released into 
the forebay and extinguished, and a wave of zero pressure rise 
and negative velocity change is propagated back to the gate. 
When this wave of pressure extinction reaches the gate, the nega- 
tive velocity change is suddenly stopped and a pressure drop 
occurs which has the same magnitude as the original pressure rise. 
The result at the gate is a reversal of the pressure rise, as stated. 
At an intermediate point between forebay and gate, however, the 
pressure rise is not immediately reversed or “reflected,” but an 
intermediate interval of zero pressure rise occurs. 

The method of arithmetic integration illustrated in the paper 
was perhaps selected as requiring a minimum of explanation. It 
will be noted, however, that at one point—“‘the change in velocity 

_..is then estimated,’ thus requiring a guess and successive 
approximations at each step. Probably, with the author’s skill 
and experience, he can make a close approximation at each point. 
It would greatly improve the procedure to carry out the graphical 
method first, and then the arithmetic integration would serve to 
check or to amend the graphical values in case the graphical work 
had not been carried out with sufficient accuracy. 

If a purely arithmetic method is to be used, the writer prefers 
the Quick method," which gives a complete algebraic solution at 
each step without approximation, and requires only a limited 
number of steps. However, the graphical method, adequately ex- 
plained in the paper, has so many advantages in simplicity of use 
and in visualizing the process and results, that its use is urged as 
the primary method. It requires careful construction, just as the 
arithmetic methods require close calculation, but it is simple to 
apply and is readilyadapted to many special problems, as shown by 
Professor Angus in a number of papers. It is of interest to men- 
tion that this method was originally developed and published by 
Dr. Robert Lowy." 5 

The paper covers many engineering applications such as 
problems involving wood-stave pipes, turbine-governor control 
of gate motion, and systems containing surge tanks. The 
numerical examples are particularly helpful, as are the author’s 
methods of handling complex features by satisfactory simplifying 
assumptions. Naturally, some of the details may be open to 
argument or refinement; but this does not detract from the use- 
fulness of the contribution. 


AUTHOR’S CLOSURE 


The paper was intended as a review of the subject of water 
hammer with emphasis on the practical requirements of the engi- 
neer in solving expeditiously some of the simpler water-hammer 
problems occurring in hydroelectric work, either where the final 
design of the project is being considered or in connection with 
rough estimates of projects where no detailed information is as 
yet known of the turbine characteristics. 

The author isindebted to Professor Angus for pointing out the - 
distinction between what happens in the conduit above the surge 
tank and in the penstock and for thus amplifying the author’s 
statement as to avoiding confusion between the mass oscillation 


10 See author’s Bibliography (4). 
''“Druckschwankungen in Druckrohrleitungen,’’ by 
Lowy, Julius Springer, Vienna, 1928. 
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of the water (between forebay and surge tank) and the water 
hammer in the system. 

It is reassuring to know of the close check Professor Angus has 
obtained on the accuracy of Equations [3] and [10] in the case he 
has cited. Proof of Equation [3] comes from Newton’s second 
law of motion applied to the momentum of the water flowing 
in a pipe of variable section and the impulse required to produce 
this flow. The equation is employed to arrive at the proper value 
of initial velocity to be used for the pipe as a whole in treating 
it as a simple conduit. Equation [10] is based on adding 
the time of travel of the wave in each section to obtain the total 
time of travel for the whole length of pipe and is used to arrive 
at the composite value of the velocity of the pressure wave. It 
seems to the author that the possible error in treating the pipe as a 
simple conduit comes from assuming the lower end of the pipe 
as of the same diameter as the upper end, thus showing for the 
usual case of tapered penstock too slow a pressure build-up (as 
indicated in Fig. 21) and from ignoring the partial reflections 
taking place from points of change in section. Where there are 
marked changes in v or a and where the governor time is very 
short, itis desirable for accurate work to use the graphical method. 
For ordinary “governor times’’ the author has found the agree- 
ment close enough for the cases he has investigated to warrant the 
use of the equivalent pipe method. 

It is always desirable, where extreme accuracy is required, to 
use the actual gate motion as shown by the author’s example. 
Also where this accuracy is required other factors such as those 
pointed out below should be taken into account. The graphical 
work can usually be done in the office but where manufacturers 
are making preliminary proposals for projects or where the engi- 
neer in the field is called upon to make a quick calculation of 
water hammer, the ‘‘net equivalent time’’ method is useful, par- 
ticularly when the time of gate stroke is of normal value. The 
use of the net equivalent time results in conservative values of 
water hammer and allows for such factors as: (a) The influence 
of the speed-discharge characteristic of the runner; .(b) the pos- 
sible increased part gate discharge due to abnormally high heads; 
(c) possible change in governor characteristics due to wear, etc. 
The approximate answer of 400 ft in Example 2 was accordingly a 
result of the conservative method used in order to arrive at a 
practical answer taking into account the vagaries of the gate 
stroke rather than to any inaccuracy in the Allievi charts. It 
might be pointed out that if one is looking for a close check with 
the theoretical application of the charts without making allow- 
ance for these factors, the equivalent time should be used. The 
result, however, may be somewhat on the low side. 

Referring to the Allievi charts, the author has found them to 
be very useful in estimating work where no detailed information 
was as yet available on the gate stroke. In these cases the charts 
determine the basic result to which a percentage may be added 
if desired to allow for nonuniform gate stroke and for other factors. 

Professor Angus quite properly points out that Equations [28 | 
to [31] of the paper are based on linear gate closure and that their 
value is more or less limited to use in connection with the deter- 
mination of preliminary tank sizes. As just pointed out, due 
allowance may be made in the computations for the final design 
for nonuniform gate motion and other factors. 

Professor Angus has succeeded in extending the application of 
the graphical method beyond the simple case to many problems 
which would be very difficult to solve analytically. One of these 
is in connection with the pressure changes in the draft tube where 
the length of draft tube is relatively great such as is frequently 
the case with propeller-runner installations. 

Mr. Martin, as a turbine builder, very aptly reminds us of 
several factors to be taken into account when dealing with a 


practical installation. One of these is the correction of turbine 
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efficiencies for changes above and below normal speed referred to 
by speed- discharge characteristic of the runner. As the turbine 
speeds up upon rejection of load, the discharge is modified in ac- 
cordance with the turbine discharge speed-characteristic, or to 
state it more technically, the change in speed changes the ¢ or 
rpm values and affects the rate of change in discharge. In many 
cases the effect of the change in speed is not very large but there 
are cases when it may be of considerable importance. Fora more 
complete discussion of this factor, reference is made to a former 
paper?” by the author. 

Mr. Martin gives us a practical method of constructing the 
gate motion-time curve and points out the necessity of deter- 
mining the gate position for the synchronous speed no-load point, 
particularly for propeller runners where the speed-no-load point 
may be as high as 30 per cent of fullload position. The definition 
given by Mr. Martin of the governor operating time is useful in 
showing how one manufacturer has determined the time factor for 
design purposes. 

As mentioned previously, the influence of the critical head con- 
dition should be kept in mind. In the case of the plant with a 
large reservoir drawdown, it is desirable to investigate the pres- 
sure rise for the complete range of heads for the governor timing 
specified or anticipated. 

Mr. Martin points out several other factors of design influenced 


12 Relation of relief value and turbine characteristics in the de- 
termination of water hammer, by Harl B. Strowger, Trans. A.S.M.E. 
vol. 59, 1937, pp. 701-705. 
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by the water-hammer characteristics of the installation to which 
designers and manufacturers are giving their attention. One of 
these is the surge effect in the hydraulic system caused by load 
changes, including the negative surge in the draft tube, particu- 
larly in low-head installations. Another is the design of the 
excitation system on the basis of the prime-mover speed char- 
acteristic upon rejection of load. This is in the field of regula- 
tion but involves the determination of water-hammer pressure. 

The author quite agrees with Mr. Martin that the complete 
solution of pressure changes and speed regulation is the responsi- 
bility of the engineers in charge of the design of the project. 

The author is indebted to Professor Moody for clearing up the 
description of the phenomenon of pressure waves, i.e., by intro- 
ducing the concept of pressure-wave extinction followed by a 
pressure drop. 

The author also recommends the Quick method of computing 
water hammer and has used it in many instances and in general 
prefers it to the arithmetic-integration method. In writing a 
treatise on the subject instead of a short article, the Quick method 
should certainly be included. The arithmetic-integration proc- 
ess was used in the paper in order to explain the phenomenon of 
water hammer step by step and as an introduction to the graphical 
method. 

The author wishes to thank the discussers for their useful con- 
tributions and also to thank Dr. Robert Lowy for presenting the 
paper at the meeting in New York. 


Electronic-Type Instruments for Industrial 


Processes 


By P. S. DICKEY! ann A. J. HORNFECK,? CLEVELAND, OHIO 


This paper describes a new type of measuring and con- 
trolling instrument for general process work. The authors 
discuss the use of electronic equipment in fields of meas- 
urement where mechanical or electromechanical instru- 
ments have previously been employed. Typical measur- 
ing circuits for different problems are illustrated. Equip- 
ment for automatic computation of the results obtained 
from several primary measurements is discussed. Sim- 
plification and standardization of instruments for process 
control through the use of electronic devices is stressed as 
the important advantage of the equipment described. 


describe the class of instruments suitable for measurement 
and control of industrial processes. All manner of measur- 
ing devices have been employed to improve the productive ca- 
pacity and productive efficiency of the industrial machine which 
provides the necessities and the luxuries of our living. However, 
it is usually possible to make a distinction between those instru- 
ments which because of their complexity, delicate construction, or 
susceptibility to external disturbances must be classified as 
laboratory equipment and the more sturdy class of indus- 
trial instruments which are used as continuous operating 
guides. 
The industrial instruments can be identified by the following 
important design features: 


i fe discussing this subject, it is first necessary to define and 


Sturdy construction. 

Reliable performance. 

Continuous operation for long periods. 
Permanence of calibration. 

Simple and inexpensive maintenance. 
Adaptability to automatic control. 
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Instruments involving electronic devices, if properly designed, 
fulfill the foregoing requirements admirably and in addition 
provide many other desirable features for general process-control 
work, 


1 Asaresult of extensive developments over the years, stand- 
ard electronic tubes and associated devices are available which 
are capable of withstanding severe vibration, shock, and other 
deleterious external effects. Particularly as a result of aircraft, 
military, and naval requirements of the last few years, electronic 
devices have become available which are capable of withstanding 
not only vibration but a very wide range of ambient temperature 
and humidity conditions, 

2 Theextensive use of, and complete dependence upon electron 
devices by the armed forces is ample proof that this equipment 
is reliable enough for general process-control work. Men who 


1 Chief Engineer, Bailey Meter Company. Mem. A.S.M.E. 

2 Research Engineer, Bailey Meter Company. 
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have staked their lives on proper performance of electronic de- 
vices will use this equipment with confidence in industrial work. 

3 Much of the auxiliary equipment used with electronic devices 
will outlast the instrument mechanism in normal service. Elec- 
tronic tubes have a limited life; but if the design is conservative, 
these tubes may be expected to operate for several years without 
replacement. In equipment designed independent of the tube 
characteristics the performance of the instruments will not be 
adversely affected by gradual deterioration of the tubes. During 
their working life it is possible at any time to predict the approxi- 
mate tube life remaining by simple tests. 

4 Electronic instruments using the null-balance system, as de- 
scribed later in this paper, can be expected to maintain a high 
degree of calibration accuracy over long periods even though 
service conditions are severe. 

5 Electronic devices are adaptable to design involving pack- 
aged units of similar construction. Many of these units can be 
arranged for plug-in connection so that replacement requires only 
an easy exchange of simple and inexpensive parts. Thus main- 
tenance does not require superskilled technicians and does not 
involve costly repairs or extended periods of outage of the equip- 
ment. Many of the component parts are used extensively in 
other electronic devices and as a result are available at electrical 
supply houses. High volume production of these parts makes 
their cost low. 

6 Electronic-type instruments are especially well adapted to 
automatic-control problems because of the high speed with 
which measurements can be made. No mechanically or hydrau- 
lically actuated instrument mechanism can compare in speed of 
response with the control of electron flow in the electron tube. It 
is conceded that where motor-actuated: balancing slidewires are 
used the full-scale deflection time is limited by the inertia of 
rotating parts in the system. However, since the basic measur- 
ing and controlling elements are free of inertia or friction no 
time lag is introduced because of these factors, as in the case of 
mechanical and hydraulic devices. Special designs of electronic 
amplifiers involving antihunt feedback are available to give 
high-speed full-scale deflection where necessary. 

Pneumatic or hydraulic control systems are often actuated 
by electronic instruments where it is convenient or otherwise 
advantageous. This is inherently sound since the measuring 
apparatus is faster in response than the control system. Like- 
wise, electrically operated or electronically operated control 
systems can readily be connected to electronic-operated instru- 
ments with the advantage that the same class of equipment is 
used throughout. 

An added advantage of the electronically actuated instrument 
for general process work is that it is a simple matter to transmit 
measurements over considerable distances without serious sacri- 
fice in accuracy or speed of response. Multiple receivers at dif- 
ferent locations can be used to indicate or record the measure- 
ment of a single primary measuring element without loss of effi- 
ciency. 

Combinations of several variables to obtain totals, differences, 
ratios, ete., are quite simple measurements with this class of 
equipment and do not involve any special design of the units 
which make up the instrument. 
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MEASURED OR CONTROLLED FACTORS 


A great many kinds of measurements are required for proper 
regulation of different industrial processes. Few industrial 
plants can be operated successfully without one or more measure- 
ments of the following factors: Temperature; pressure or vac- 
uum; fluid flow; liquid level; gravity or density; motion or 
position; light or color; viscosity or turbidity; conductivity or 
hydrogen-ion concentration; gas analysis; moisture content; 
calorific value; vibration or sound; stress or strain; hardness 
or internal structure; elapsed time. 

Without intending to discredit any of the many ingenious 
devices which have been built for measurement of the factors 
just cited, it is noted that practically any of these measurements 
can be made with the standard electronic-type instruments to be 
described. While primary devices for these measurements must 
be designed for the individual problem, the advantage of a single 
type of recording instrument requiring a few standard assemblies 
is obvious. 

The electronic amplifier and motor-control unit as described 
later, has ample sensitivity and stability for use in an instrument 
for most of the various measurements listed. Furthermore, an in- 
strument of this type can be of sufficiently sturdy construction 
to permit installation in unfavorable surroundings. It is reliable 
enough to be used for continuous measurement or control. 


‘“Measurine Sysrem—Avuromatic Nutt BaLaNncr 


The electronic instruments described in this paper are basically 
of the same general class. It is realized that electronic-actuated 
instruments of the null-balance type are electromechanical as 
well as electronic. However, the commonly accepted meaning of 
the term “‘electronic”’ is used here to describe instruments which 
depend in a basie way upon electron tubes for their operation. 
Fig. 1 is an elementary diagram of the fundamental system. 
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In this class of electronic instruments measurements are made 
by automatic and continuous balance of the null-type measuring 
circuit. The quantity is measured in terms of a reference po- 
tential, current, calibrated resistance, or impedance. The trans- 
mitter and the motor-driven follow-up together comprise the 
measuring circuit which may be a Wheatstone resistance bridge, 
an impedance bridge, or a potentiometer network. The quan- 
tity being measured is converted into a proportional electrical 
variable at the transmitter. For example, temperature is trans- 
lated into resistance by means of a platinum coil, or into a direct- 
current voltage by means of a thermocouple. The motor-driven 
follow-up may be a slidewire, a variable inductor, or a variable 
capacitor. The specific instruments described in this paper use 
a resistance slidewire as the balancing unit. 

The electronic amplifier detects and amplifies unbalanced 
voltages of the measuring circuit as produced by a change in the 
measured quantity. The amplified voltage applied to the motor- 
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control circuits causes the slidewire motor to rotate in such a 
direction as to rebalance the measuring circuit. Simultane- 
ously the motor may drive any or all of the following devices: 
An indicator, a recording pen, an integrating device, or a pneu- 
matic or electric control. 

This type of measuring system has the following characteris- 
ties: 


1 The null-balance principle of measurement makes the ac- 
curacy and stability dependent only upon the calibrated compo- 
nents of the measuring circuit. Variations and aging of amplifier 
and motor-control-circuit components have negligible effect on the 
calibration. 

2 The electronic amplifier and balancing-motor control cir- 
cuit are continuously operative and respond instantly to changes 
in the measured quantity. Also, the speed of the balancing motor 
is approximately proportional to the amplifier input so that the re- 
cording pen or indicator pointer moves smoothly and in synchro- 
nism with changes in the measured quantity. 

3 The power actuating the recording pen, indicator, or con- 
troller is many times greater than the power expended in the 
measuring element. This power gain may be as great as 10! and 
makes possible the measurement of electrical or mechanical 
quantities at an extremely low energy level. For example, an 
unbalance of 10~* v in the direct-current potentiometer circuit 
results in a power input to the converter of 10-12 w and a motor 
power output of about 2 w. Since full torque is developed by 
the motor with a change of 1 per cent or less in the measured 
quantity, the accuracy of the system is practically independent 
of load or friction applied to the follow-up recording or indicating 
mechanism. 


MBASURING CIRCUITS 


Resistance Bridge. One of the most common circuits em- 
ployed is a modified Wheatstone bridge as shown in Fig. 2. 
The primary measuring device is arranged to vary the value of 
resistance 7 in proportion to changes in the factor being meas- 
ured. Fixed resistances R, A, and B are designed to provide 
the proper range of measurement. The adjustment of the slide- 
wire contact on resistor S subtracts resistance from A and adds 
resistance to B, or vice-versa. Thus the bridge is balanced by 
adjusting the ratio of the bridge arms and since the slidewire 
contact does not carry bridge current, its resistance does not 
affect the calibration. 

An alternating-current supply is used for the bridge which 
eliminates the need for a battery source of bridge voltage. 
Standard voltage cells and voltage standardization equipment 
are not required. The alternating-current bridge supply is 
taken from a transformer which is fed from the main power 
supply for the instruments. 


ELECTRONIC 
AMPLIFIER 


BRIDGE SUPPLY 


T= TEMPERATURE SENSITIVE PLATINUM RESISTANCE 


A,B &R=FIXED RESISTORS M=SLIDEWIRE DRIVE MOTOR 


S=SLIDEWIRE 


Fig. 2) WHrATSTONE-BRIDGE MrasuriIna Circurr 
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The foregoing circuit or some modification of it is ideal for 
measurement of temperature using resistance-temperature de- 
tectors, vacuum using the thermal-conductivity principle, con- 
ductivity, gas analysis, and many other factors where the con- 
dition being measured can be proportioned to a variable resist- 
ance. 

Impedance Bridge. A second circuit which is commonly em- 
ployed is the impedance bridge, one type of which is shown in 
Fig. 3. In this case an adjustable transformer whose primary 
is supplied from the line is used as a transmitter. The core of 
this transmitter is moved by the factor being measured and the 
position of the core determines the magnetic-flux linkage be- 
tween the primary windings and the two secondary windings £, 
and £, shown in the diagram. The voltage induced in each of 
the secondary windings by the primary depends upon the mag- 
netic-flux linkage from the primary, and the voltage ratio is thus 
proportional to the displacement of the core from the center po- 
sition. 

An electrical bridge is formed by the two secondary coils of the 
transmitter and the resistance on either side of the slidewire con- 
tact at the receiver. By using proper values of the slidewire S 
and fixed resistors A and B, any desired proportionality be- 
tween motion of the transmitter core and motion of the slide wire 
contact can be obtained. 

By using the electronic amplifier and motor control to drive 
the motor which balances the slidewire, a very limited current 
flow is required in the measuring circuit. Thus connecting wires 
can be small and can be run for a considerable distance. Of 
greater importance is the fact that practically no force is exerted 
by the core of the transmitter so that there is no restraint against 
the primary measuring element. 

Since the bridge circuit obtains its alternating-current supply 
from the power source for the instruments, no other source of 
voltage is required. 

Extensive tests have shown that this circuit will accurately 
measure motions of the transmitter core as small as 0.00005 in. 
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It is therefore ideally suited to measurement of pressure, mois- 
ture content, and stress, using displacement-type transmitters, 
or to any factor which can be translated in terms of position. 
Since the movable core can be inside a pressure housing and the 
ivansmitter coils on the outside of the housing, the circuit is espe- 
cially adapted to determination of differential pressures, as for 
example, in the measurement of fluid flow, liquid level, viscosity, 
and other factors. 

For measurement of variables which are translated into direct- 
current potentials, the conventional potentiometer circuit 
shown in Fig. 4 is employed. The usual battery source of 
bridge voltage and the standard cell and standardizing circuit 
are incorporated. The direct-current unbalance of the bridge 
is converted by means of a saturable-core-type direct-current 
to alternating-current converter and the resulting alternating- 
current voltage is applied to the input of the standard alternating- 
current amplifier and motor-control system. As a result of 
amplification obtained in the converter and the high degree of 
amplification available in the alternating-current amplifier, sen- 
sitivity is obtained equal to or greater than that available with 
galvanometer-type industrial instruments without any sacrifice 
in the sturdy construction of the unit. 

This circuit is most commonly employed for measurement of 
temperature, using thermocouples or radiation-type primary 
elements. Modified circuits are employed for the measurement 
of vacuum, speed, light or color, turbidity, smoke density, and 
other factors. 

Modifications of the circuits described are available for auto- 
matic computation of the results obtained from a number of 
primary measurements. For example, a simple modification of 
the impedance bridge described is illustrated in Fig. 5, by which 
the ratio of two independent variables can be automatically and 
continuously determined. A similar simple modification can be 
used to obtain a continuous total of any reasonable number of 
independent variables. 

Fig. 6 shows a modification of the alternating-current resistance 
bridge to permit continuous determination of difference between 
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two independent variables. Similar modifications are available AMPLIFIER AND Moror ConTROL 
for continuous determination of the product of two independent 
variables. 

It is believed that there is a great field for such automatic cal- 
culating devices in the operation of industrial processes. This 
equipment not only eliminates the necessity for trained op- 
erators to summarize and compute the results from daily rec- 
ords and log sheets, but provides the necessary information auto- 


Fig. 7 shows the electronic-amplifier unit which detects and 
amplifies the unbalance of the measuring circuit. Electrically 
the unit consists of an amplifier section and a motor-control 
section. These are arranged into a compact assembly which is 
suited to quantity production. The assembly and testing are re- 
duced to a number of simple operations which can be performed 
by relatively unskilled help. 

The electronic amplifier is standardized in both mechanical 


CONDENSER-RE R REACTOR- TRANSFORMER . . . : 
CO a Aa Bee Beacon TRAN ot and electrical design and is used on all 60-cycle alternating-cur- 
— “4 rent measuring circuits whether for measuring temperature, flow, 
POWER SUPPLY MOTOR CONTROL level, etc. The same amplifier is also used on direct-current 


TRANSFORMER REACTOR UNIT ; Se DE : a ; 
fhe) F } Dee potentiometric circuits with the addition of the converter which 


transforms reversing polarity unbalance into reversing phase 
alternating current of 60-cycle frequency. Furthermore, the 
instrument calibration is unaffected by variations between am- 
plifiers so that complete interchangeability is obtained. 

The amplifier has an over-all voltage gain of 2500. This means 
that a 0.001-v unbalance from the measuring circuit produces 
an output voltage of 2.5 v for application to the motor-control 
tube. Since the slidewire-drive motor responds to voltages as 
low as 1-v input to the motor-control tube, it is sensitive to about 
0.0004-v input to the amplifier. This is ample for the average 
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by having such computed information available instantly as an 
operating guide instead of after a delay of several hours or sev- 
eral days when this work must be done by technicians. The electrical design is based upon the requirement that in- 
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dustrial instruments must operate continuously and with unim- 
paired accuracy over long periods of time with a minimum of 
maintenance and often under adverse conditions. For this rea- 
son the design of the unit and the rating of components includ- 
ing tubes, capacitors, resistors, and transformers, are more con- 
servative than in most communication and radio equipment. 
Also, to obtain maximum reliability, the number of circuit ele- 
ments is held to a minimum consistent with good performance. 
Special or complicated features to obtain some peculiar operating 
characteristic for a specific application are avoided. 

The elementary wiring diagram of the complete amplifier unit 
is shown in Fig. 8. The amplifier section is Class A of conven- 
tional design consisting of two stages of resistance-coupled am- 
plification. A 6SL7 amplifying tube consisting of two triodes 
in one envelope is used. The alternating-current voltage ob- 
tained by unbalance of the measuring circuit is applied to the 
grid of the first section and is amplified about 50 times in each 
triode so that the total voltage gain is about 2500. Phase shift 
is negligible so that output voltage which appears across R8 is a 
magnified image of the input voltage. 

The direct-current plate supply for the amplifier is obtained 
from a simple full-wave rectifier using a6 X 5 vacuum tube and a 
capacitor resistance filter to provide smooth direct-current voltage. 


OPERATION OF Moror-ConTROL CIRcUIT 


All or part of the amplified voltage, depending upon the sen- 
sitivity required and determined by the adjustment of R8, is 
applied to the motor-control circuit which in turn determines 
the direction of rotation and speed of the reversing motor which 
drives the slidewire. Motor M is a “‘capacitor-run” type having 
two identical windings W4 and Wg, 90 electrical deg apart on 
the stator. The operation is similar to that of a two-phase 
motor and rotor torque is developed by displacing the currents 
in the windings W 4 and Wg, in time phase relative to each other. 
The direction of rotation is determined by whether the current 
in W is leading or lagging the current in Wg. Consequently, 
the speed with a constant load is proportional to the magnitude 
of the winding currents and the phase displacement between 
them. This motor is of special design to permit rapid braking 
when the winding currents are brought into phase. 

The voltage applied to the 6N7 plates is obtained from a center- 
tap secondary winding of the supply transformer. The grids 
are connected together and receive their voltage from the meas- 
uring or control circuit through a voltage amplifier. It is a fun- 
damental requirement that the plate supply for the 6N7 be ob- 
tained from the same source and phase as the grid-input signal. 
For this application the source is the 115-v 60-cycle supply 
to which the motor is connected. However, the power supply to 
the motor can be entirely divorced from the control circuit. 
Since the plates of the 6N7 are 180 deg out of phase with each 
other and the grids are in phase, the plate currents of the two 
sections of this tube are selectively controlled by phase relation 
between the grid voltage and the plate voltage. 

The plate circuits of the motor-control tube are coupled to the 
motor power circuit through power-boosting devices A and B. 
The tube-plate currents determine the torque and direction for 
rotation of the motor. If the unbalance of the measuring circuit 
is such as to give an amplified voltage in phase with the plate of 
triode A, this section will pass more plate current and triode B 
less current than at balance. Consequently, motor current will 
flow through power booster A directly through winding A and 
through the motor capacitor and winding B. This phase rela- 
tionship of winding currents will cause the motor to rotate in a 
direction to rebalance the measuring circuit. By the same 
analysis, unbalance in the opposite direction will produce an 
amplified voltage in phase with triode B and resulting motor ro- 
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Fic. 10 Recrancuiar-Case InstRuMENT SHowrne INTERNAL 


MeEcHANISM 


Fig. 11 


Rounp-Casb INSTRUMENT 


tation opposite to what it was before but again in such a diree- 
tion to restore balance. 

In general, the sensitivity of the system is sufficient to develop 
about 75 per cent of the maximum motor torque with about 
0.002-v input to the amplifier. 


INSTRUMENT CONSTRUCTION 
To obtain the most flexible construction for the various types 


398 


of problems which must be handled the instruments have been 
developed in two general forms. The rectangular case instru- 
ments illustrated in Figs. 9 and 10 provide from one to four 
completely independent measuring systems. In every case the 
measuring circuit, the motor-driven slidewire, and the electronic 
amplifier and motor control are entirely independent for each 
system so that failure in any one measuring system does not 
affect the remaining units In any way. 

The round pattern chart has been selected since it is the most 
economical means of recording the results and since the recording 
mechanism is extremely simple and does not take up space 
within the case which can be used for additional measuring or 
controlling devices. 

The instruments can be equipped with one large dial indicator 
which can be operated by any of the different factors measured 
in the same instrument. The construction of the instrument is 
such that different basie measuring circuits can be employed in 
the same case giving a wide variety of combinations of measure- 
ments available on the same recording chart. 

Two independent control systems of either the electrically 
operated or automatic types can be incorporated in the same case. 

The amplifier unit is enclosed in a dust- and moisture-resistant 
housing normally mounted on the back of the receiver casing as 
shown at the right in Fig. 9. Electrical connections to the in- 
ternal meter circuits are made by a plug and socket connector. 
Where such mounting is impossible the amplifier may be mounted 
remotely and connections made by means of a plug and cable. 
The vacuum tubes and the electrolytic condenser assembly 
which may require periodic check or replacement are made 
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accessible by removal of the sub cover. This packaged unit 
construction facilitates quick removal of the entire amplifier unit 
or of component parts for inspection or repair. 

Round Case. Where recorded results are not desired a smaller 
round pattern case, as shown in Fig. 11, is employed. This unit 
incorporates one measuring system operating a large indicator or 
may incorporate one controller of the electrically operated or 
pneumatically operated type. 


CONCLUSION 


The authors are fully aware of the recent tendeney to propa- 
gandize electronics as the panacea for all engineering problems. 
Therefore a few words of caution are in order. If electronic 
equipment is to be successful in process-control work manu- 
facturers must design and build conservatively. Designs which 
are hastily conceived and poorly executed will tend to discredit 
all equipment of this type. 

For many measuring problems today and new problems 
ahead the electronic equipment offers the only practical solu- 
tion. However, there is a large field of measurement which can 
be handled with mechanical, electrical, or electronic-type instru- 
ments. The principal advantage of the electronic type of in- 
strument in this field is standardization of design. 

Mechanically operated instruments have economic advantages 
in certain applications. However, since a different mechanical 
instrument is usually required for each type of measurement, 
the standardization and resultant advantages possible with 
electronically operated equipment is not possible where a east 
variety of measurements is required. 
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An Instrument for Indicating the Amount 


of Gas in Gas-Liquid Mixtures 


By B. R. WALSH! anv G. S. PETERSON,? PITTSBURGH, PA. 


The instrument described in this paper was developed 
by the authors’ company at the instigation of the Wright 
Aeronautica] Corporation, which early foresaw the need 
for clarifying the entire problem of satisfactory operation 
of an airplane-power-plant lubrication system if the in- 
creased demands of military-airplane performance were 
to be met. One of the major objectives was the develop- 
ment of an instrument which would make possible a 
quantitative measurement of the amount of entrained air 
in lubricating oil, because air present in the oil reduces 
the delivery of oil from the pump; the reduction of de- 
livery is greater the higher the altitude for the same per- 
centage of air at the intake to the pump. This reduction 
of delivery may be so great as to limit the safe ceiling of the 
plane, from failure to lubricate the engine. All such 
pumps, being the positive-displacement type, can deliver 
only displacement minus slip; as volume of air in the 
pump increases, obviously, the oil delivery must decrease 
since the sum of air and oil handled is substantially a 
constant. 


DEVELOPMENT OF [INSTRUMENT 
of gas in gas-liquid mixtures, consideration was first given 


to the use of condensers, selenium cells, and mechanical 
traps, but tests conducted on these devices disclosed difficulties 


ie the development of an instrument to indicate the amount 
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inherent with these methods which made them not only un- 
reliable but impractical. The use of a condenser for measuring 
the change in dielectric strength with change in the amount of 
entrained air was unstable owing to the segregation of air and 
oil, and the presence of foreign particles and water. A selenium 
cell was used to measure the variation in the amount of light 
transmitted through a column of oil in a transparent section of 
tubing with varying amounts of entrained air. It was found 
that the amount of light transmitted was a function of the num- 
ber of oil films in the light path and, since a large number of small 
bubbles constituted a large number of oil films, compared to an 
equal amount of air in large bubbles, this method was not satis- 
factory. 

Extensive tests made on several types of pipe traps showed 
this method to be impractical because of segregation of the air 
and oil. With striation of the air, the velocity of the oil is much 
lower than that of the air and therefore the air percentage as 
indicated by a pipe trap is lower than the actual amount, as shown 
in Fig. 1. In addition, this device would not be suitable for 
flight application since an indicating instrument is needed to de- 
termine the percentage of entrained air under different operating 
conditions. Numerous calibration tests on various sizes of posi- 
tive-displacement pumps, used with different aircraft engines, 
showed a consistent relationship between the oil-flow rate and 
increased volume of air entrainment, which could be readily cal- 
culated when the displacement and clearance volume of the pump 
were known. 

The engine-pressure pump cannot be used to indicate directly 
the amount of air entrainment because it is provided with a 
pressure-regulating valve which normally by-passes oil from the 
discharge to the pump inlet, which disturbs the normal oil-air 
relationship. The instrument, shown in Fig. 2, was therefore 
designed. This instrument is merely a small positive-displace- 
ment pump, direct-connected to a 24-v, d-e 1/1o0-hp aireraft-type 
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electric motor. The pump has a capacity of approximately 1 
gpm and the assembled unit weighs 5 lb. The instrument is 
identified commercially in its present form as the “Wright-Gulf 
Air Indicator.” 


PRINCIPLE OF OPERATION 


The instrument, shown in Fig. 3, is provided with a sharp- 
edged orifice placed on the discharge side of the pump. A pres- 
sure gage is connected at point A for indicating the pump dis- 
charge or upstream-orifice pressure. A second pressure gage is 
connected at point B for indicating the inlet pressure. Since 
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the pressure drop across a sharp-edged orifice provides a reliable 
measurement of fluid-flow rate through the orifice, the pressure at 
point A is a direct indication of the pump-delivery quantity, the 
pressure on the downstream side of the orifice being substantially 
equal to ambient pressure. The sharp-edged orifice was selected 
because variation of viscosity has the least effect on the co- 
efficient of any primary element; for most operating ranges the 
effect is negligible, and therefore one possible variable is elimi- 
nated. 

Thirty per cent air at pump inlet, for example, reduces pump- 
delivery quantity more than 30 per cent. But on the discharge 
side, where the orifice is located, this 30 per cent may be com- 
pressed to 8 to 5 per cent. Further, since even this compressed 
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air is still very low in density, the orifice responds almost entirely 
to the liquid flow and therefore does actually measure the liquid 
delivery consistently and accurately. This makes it possible to 
plot curves of orifice pressures at known percentages of air en- 
trainment versus pump-inlet pressure. These curves, determined 
by test, are shown in Fig. 4 and constitute the calibration of 
the unit. It is to be noted that these curves were determined 
by cross-plotting from curves of orifice differential pressure versus 
per cent air for constant pump-inlet pressures for the sole purpose 
of saving time in calibrating. Fig. 5 shows these curves plotted 
through the test points. 

In the calibration of the instrument, a voltage regulator is 
used which maintains a constant voltage on the motor terminals. 
The variation in the speed of the electric motor, due to a change 
of output resulting from reduction of pressure under conditions 
of air entrainment, is automatically taken care of in the calibra- 
tion of the unit. While it is not the purpose of this paper to 
elaborate upon the method of calibrating the unit, it should be 
stated that this is accomplished by use of a displacement chamber 
into which the entire air-oil mixture handled. by the pump is 
delivered. The mixture in the displacement chamber is allowed 
to stand until the entrained air has completely separated from 
the oil. The displacement chamber is shown in Fig. 6. The 
per cent of entrained air is determined by dividing the volume of 
air measured in the visigage A by this volume, plus the volume 
of oil as determined by means of the weigh scale B. 


APPLICATION 


The successful application of the instrument depends upon 
securing a sufficiently accurate sample of air-oil mixture flowing 
in the system to be analyzed. This does not impose any new 
obstacle on the use of the instrument because any method in- 
dicating the per cent of gas flowing in a gas-liquid mixture so far 
considered involves the problem of obtaining a correct sample. 

Two successful sampler devices have been developed jointly 
by Wright Aeronautical and Gulf Research. The sampling 
chamber, shown in Fig. 7, is used where it is anticipated that the 
percentage of entrained air will not exceed 15 per cent, but in 
systems where the air entrainment exceeds this value, the orifice- 
type sampler, shown in Fig. 8, is applied. During the develop- 
ment of a sampler suitable for sampling air-oil mixtures obtaining 
in airplane lubrication systems, it was found that the air striates 
very quickly in mixtures containing more than 15*per cent air. 
In view of this, the sampler, shown in Fig. 7, is used only for 
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sampling mixtures containing less than 15 per cent air. Several 
schemes using different types of baffling for mixing the air and 
oil at the point of sampling were tested, none of which proved 
satisfactory. 

Fortunately, one practical method of mixing air and oil to 
permit sampling was discovered. This method requires sufficient 
increase in velocity of the mixture to raise the turbulence to a 
Reynolds number in the order of 1500 or above. The objection 
to this method for use in an airplane application was the increase 
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in pressure drop imposed by the sampler. Any appreciable in- 
crease in the pressure drop in the line between the oil-supply 
tank and the engine-pressure pump would impose, in effect, a 
higher altitude condition on the pump. In view of this condi- 
tion, the first means tried was a Venturi tube with a sampling 
tube located in the throat section, as shown in Fig. 9. 
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It was thought that the Venturi tube would result in a mini- 
mum. over-all pressure drop for a given turbulence, owing to its 
excellent reconversion of velocity to static head when handling 
one: fluid. However, tests showed that the pressure drop was 
much higher than anticipated. This may be explained by the 
fact that the usual pressure-drop recovery in a Venturi diffusion 
tube does not hold for gas-liquid mixtures at low Reynolds num- 
bers because wall separation occurs. In addition, the friction 
loss in the Venturi tube is a major part of the total loss at low 
Reynolds numbers. 

In view of the high pressure drop encountered with the Ven- 
turi-type sampler, tests were conducted on an orifice-type sam- 
pler, as shown in Fig. 8. Tests showed a recovery of pressure 
drop across the orifice when flowing air-oil mixtures to be in 
accordance with the pressure-drop recovery for a single fluid, so 
that the over-all pressure drop across the orifice sampler was ap- 
proximately 60 per cent of that obtained across the Venturi type. 

The orifice sampler, when properly applied with respect to 
orifice diameter and size of sampling tube, will give satisfactory 
sampling for air percentages up to 35 per cent. Even though the 
orifice sampler gives good results at low air percentages, it is 
generally preferable to use the standard sampler, shown in Fig. 
7, in view of the negligible pressure drop with this type of sampler. 

It is important that the liquid viscosity be known for each 
application because, while a calibration curve determined for 
the instrument on, for example, $.A.E. 60 oil at 185 F is good for a 
range of temperatures from 160 to 225 F, it would not be appli- 
cable if the operating temperature of the oil were, for example, 


140 F. In this case the instrument should be calibrated on 140 
F oil. One reason for this is the effect of the high viscosity of 


the oil on the speed of the motor. Another effect of the viscosity 
at temperatures of 140 F or below is the change in coefficient, of 
the orifice. 

For Reynolds numbers above 800 to 1000, the curve of orifice 
coefficients versus Reynolds numbers is nearly flat; however, for 
Reynolds numbers below 800 to 1000, there is a noticeable change 
in coefficient with decreasing Reynolds numbers. The range of 
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temperature from 160 to 225 F for 5.A.E. 60 oil covers the usual 
range encountered in aircraft engines’ during flight so that onc 
calibration curve has been satisfactory for aircraft applications. 
In this case, the error in the calibration varies from + 0.5 to 
+1.5 per cent air for increasing air percentages up to 35 per cent. 
Where greater accuracy in bench-testing is required, the use of a 
displacement chamber is recommended; but, for flight tests of 
airplane lubrication systems, the accuracy of this instrument is 
satisfactory and certainly exceeds that of any other known flight- 
type device for measuring entrained air. 

Fig. 10 is a schematic diagram of an indicator installation on a 
typical aircraft lubrication system. An important item to note 
is that the.performance of the lubrication system is unaffected 
by use of the instrument because the 1 gpm withdrawn by it is 
returned to the sampler. A relief valve is provided with the in- 
strument to protect the motor from overload in the event the 
disk orifice becomes plugged with foreign matter. The discharge 
line from the relief valve may be connected back to the sup- 
ply line being sampled, or to any low-pressure source. 
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Fig. 11 shows the indicator installed on an airplane for flight 
test. Fig. 12 shows the installation of a standard sampler for 
use with the Indicator shown in Fig. 11. In the development of 
this instrument, tests were conducted which showed that its ac- 
curacy was unaffected by the position in which it was mounted, 
and was only slightly affected by change in ambient temperature. 
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In Figs. 11 and 12, the instrument was used to determine the 
amount of air entrained in the oil in the supply tank at different 
altitudes. While it was pointed out that the calibration curve, 
shown in Fig. 4, is plotted with the inlet pressure of the instru- 
ment as the abscissa, it is to be noted that the percentage of air 
indicated by each curve is based upon the volume of air at inlet 
pressure. It may be seen from the schematic installation diagram 
that this pressure will differ from the altitude barometric pres- 
sure by the amount of pressure drop in the lines between the oil- 
supply tank and the inlet tap on the instrument. 
therefore, that the air percentage, determined from the calibra- 
tion curve, be converted to that corresponding to supply-tank 
pressure. (This may differ from the altitude barometric pres- 
sure, depending upon whether or not a pressurized tank is used.) 


It is necessary, 


OrHER APPLICATIONS 


To date the instrument described has been or is being used 
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by three aviation-engine manufacturers and six airplane manu- 
facturers. 

In addition to the flight-type instrument, a bench model has 
been prepared. On this model, a 110-v, a-c !/,-hp electric motor 
is used, as shown in Fig. 13. To date, instruments of this type 
have been calibrated for, and used by, several manufacturers 
and the authors’ laboratory for indicating the percentage of air 
in air-oil mixtures in various types of lubrication systems. 

Because the device is a comparatively recent development 
and has not been in commercial production, its availability is 
probably known only to the aircraft industry for which it was 
developed. As a result, no applications of the instrument for 
indication of gas-in-liquid other than the indication of air-in-oil 
have been made. There appears to be no reason why the in- 
strument cannot be used for indicating the percentage of gas 
entrained in any liquid-gas mixture capable of being pumped, 
and of which a correct sample can be obtained. It could there- 
fore be used on gas-water mixtures, air-glycol mixtures, etc., as 
well as air-oil mixtures. 


Use of Anthracite Fines in By- Product 
Coke Production 


Factors Influencing the Relative Suitability of Different 
Anthracites for Blending 


By J. D, CLENDENIN,! K. M. BARCLAY,! anv C. C. WRIGHT? 


The blending of carbonaceous materials, particularly 
Pennsylvania anthracite, with coking coals as a means of 
mitigating the acute war shortage of certain types of 
metallurgical coke, has received considerable emphasis in 
recent months. However, the desirability of blending an- 
thracite fines with coking coals for by-product coke produc- 
tion has been a matter of considerable controversy. To 
settle the differences of opinion and judgment, an attempt 
has been made as reported in this paper to evaluate, at 
least relatively, some of the variables encountered in the 
case of anthracite fines. The investigation in question was 
conducted at the Mineral Industries Experiment Station 
of The Pennsylvania State College, and was sponsored 
jointly by the Anthracite Institute and the Common- 
wealth of Pennsylvania. 


HE blending of various types of carbonaceous and non- 

carbonaceous materials with coking coals has been the 

subject of laboratory and plant-scale experimentation for 
many years. The results of some of these investigations, in 
particular the effect of these more or less inert materials on the 
nature, properties, and characteristics of the several carbonization 
products have been reported (1)? in numerous technical publica- 
tions. Undoubtedly there has been other work of this nature the 
results of which have never been published, with a consequent loss 
to organized research in fuel technology. 

With the increased demand for metallurgical coke and the 
shortage of certain types of coking coals as a result of the war, a 
new impetus has been given to the blending of carbonaceous 
materials, especially Pennsylvania anthracite, with coking coals 
as one means of mitigating the acuteness of these two problems. 
Some controversy has developed, however, concerning the de- 
sirability of blending anthracite fines with coking coal for by- 
product coke production and as a consequence it appeared de- 
sirable to examine some of the points of difference and to attempt 
to evaluate, at least relatively, some of the variables encountered 
in the use of anthracite fines. In this paper some of the more im- 
portant points and variables are enumerated and discussed. 


ANTHRACITE Fines UsED FOR BLENDING 
Considerable emphasis, and rightly so, has been placed upon 
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the importance of the size consist and the top and bottom sizes 
of the anthracite fines used for blending. There is general agree- 
ment concerning the detrimental effect of appreciable percentages 
of material larger than about 10-mesh size on the strength of the 
resultant coke. It is well known that discrete shale or other inert 
particles of appreciable size, as 1/;-in. or even smaller, in straight 
bituminous coking coals exert a deterimental effect on the 
strength of the resultant coke, and although numerous plants are 
pulverizing their coking coals to 90 per cent through 1/3-in-sq 
mesh, this obviously permits the presence of shale or inert 
particles of appreciable size which can form centers of weakness 
in the final coke. Consequently, the presence of about 5 per cent 
of anthracite fines containing 1 to 5 per cent of plus 10-mesh 
material, which is the rule for most No. 5 buckwheat anthracites, 
will probably not exert as great a detrimental effect on the final 
coke as will the oversize in the bituminous coal itself. 


Regarding the size consist and degree of fineness of the anthra- 
cite fines to be used, there are two main groups of thought. One, 
dating at least as far back as the work of Markle (2, 3), first re- 
ported in 1921, believes that anthracite fines for blending should 
be finely pulverized. One coke-plant operator who is using 
anthracite fines at the present time, has said that in his experi- 
ence with inerts, the best structured cokes were produced when 
the added material contained the largest percentages of minus 
50-mesh size. The other group, presumably of more recent 
origin, suggests that the presence of finely pulverized material in 
the anthracite is undesirable, and it is recommended that the 
anthracite be sized to 20 X 100-mesh as nearly as possible. 

Recently, and doubtless through misinterpretation of descrip- 
tions of the characteristics of anthracite fines suitable for blend- 
ing, the idea has sprung up that specific gravity and volatile- 
matter content, per se, of an anthracite are sufficient criteria to 
use in selecting anthracite fines for blending, and other character- 
istics being similar, an anthracite of low volatile matter, about 6 
per cent or less, and high specific gravity, about 1.7 or greater, 
would be more suitable than one possessing a somewhat lower 
gravity and higher volatile content. Ostensibly, this idea grew 
originally from observations made to the effect that anthracites 
which have proved to be most suitable were of the hard, lustrous, 
nonfriable variety, showing conchoidal fracture and having a high 
specific gravity and low volatile-matter content. 

Some confusion concerning the specific gravity of the anthra- 
cites used in by-product blends has resulted from the fact that in 
Turner’s (4) classification of anthracites, the specific gravity of 
face samples, crushed to minus !/, in., are reported on the dry, 
ash-free basis, while specific gravities reported for the anthracites 
used in by-product blends have been determined on No. 5 buck- 
wheat samples ground usually to 200 mesh and reported on the 
dry basis. In Turner’s classification a wide variety of anthra- 
cites from the four producing fields are reported to have specific 
gravities ranging from 1.41 to 1.66, whereas the specific gravities 
reported by by-product plants have usually been 1.70 or higher. 
In part, the difference is due to the generally higher specific 
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gravities resulting from the higher ash content of the buckwheat 
samples as compared to face samples, in part to the higher gravi- 
ties resulting from the use of the dry rather than dry ash-free 
basis and possibly also, in part, to the increase in gravity that 
has been observed in some cases when minus !/4-in. samples are 
ground to minus 200 mesh. 

Similarly, the data for volatile matter have been reported on 
different bases such as, as received, dry, dry ash-free, and dry 
mineral-matter-free. The latter method, which was not used by 
Turner (4), because it was not yet generally accepted at that time, 
but which is now widely accepted as the basis for classification of 
anthracites, appears to be the most reliable for the larger sizes of 
anthracite, but for the sizes smaller than about 1/4 in. is of ques- 
tionable value. In general, the ash content of anthracite in- 
creases in the finer sizes, and due to the nature of the mineral 
matter, the generally used A.S.T.M. corrections to the mineral- 
matter-free basis are not reliable. This is illustrated in the 
proximate analyses given in Table 1, on a silt sample from a 
Northern Field colliery. 


TABLE 1 
NORTHERN FIELD, ANTHRACITE SILT 
Dry, 


Proximate analysis, per cent, mineral- 


———air-dry basis matter-free basis 
Volatile Fixed Volatile Fixed 
Screen fraction Moisture Ash matter carbon matter carbon 
Plus 10 mesh 2a 8.1 at 0h § Ra 
10 X 20 mesh 1.5 10.1 5.4 83.0 4.9 95.1 
20 X 30 mesh 1.3 17.3 6.3 75.1 5.7 94.3 
30 X 40 mesh ded. 17.2 6.4 15.3 Siu; 94.3 
40 X 60 mesh 1.3 23.9 7.0 67.8 6.3 93.7 
60 X 100 mesh 1.5 29.1 ri) 61.4 7.6 92.4 
100 X 200 mesh 1.4 32.9 8.2 57.5 7.8 92.2 
200 X 325 mesh TT 43.7 9.2 45.4 9.6 90.4 
Minus 325 mesh Veg, 45.6 8.7 44.0 8.5 91.5 
* A.S.T.M. approximation formula: 
FC 


Dry, mineral-matter-free FC 100 — Uf + 114 40.15) X 100 


The misinterpretation of the significance of the specific- 
gravity and volatile-matter-content data as a basis for selecting an 
anthracite for blending tends to create érroneous conclusions re- 
garding the suitability of different anthracites. This can be 
illustrated in part by an examination of the data shown in Fig. 1, 
which are adapted from work on anthracites and semianthracites 
of Pennsylvania reported by Turner (4). The wide range in the 
friability of the anthracites of less than about 6 per cent volatile- 
matter content (dry ash-free basis) is clearly evident. 

It is of interest to note that of the low-volatile high-gravity 
coals shown in Fig. 1, none has an apparent specific gravity 
greater than 1.68 on the air-dry basis, and the average ash con- 
tents (dry basis) vary from about 9 to 13 per cent. However, on 
the dry basis the apparent specific gravities are 1.7 or greater in 
several cases. 
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In order to examine and perhaps clarify some of these divergent 
ideas it was decided to test fine buckwheat sizes of anthracite 
from the four fields of the Pennsylvania anthracite region, and to 
investigate such factors as the relative physical and thermal sta- 
bility of the different fine sizes, their volatile-matter content, 
apparent specific gravities, size consists, the extent of any inter- 
relationship between these factors, and to determine what, if any, 
correlation exists between these variables and the relative 
strength and size of the cokes produced in a small-scale oven 
when the anthracites are blended with a coking coal. In addi- 
tion, some preliminary tests are outlined in order to observe the 
effect of changing the nature of the coking coal. It was also 
deemed of interest to obtain information from coke-plant oper- 
ators using anthracite, regarding the relative suitability of the 


anthracites they have tested. Samples of a coking-coal blend 
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containing anthracite fines and regular by-product coke made 
from the blend were secured for purposes of comparison. 

A number of samples of No. 4 and No. 5 buckwheat anthracite 
were obtained from various collicries located in the four major 
anthracite fields. The proximate analyses, apparent specific 
gravities, and size consists down to 40 mesh of the original buck- 
wheat samples are given in Table 2. The specific gravities were 
determined in duplicate with the precision indicated by means of 
the pyenometer method using distilled water with 25-ml pyenom- 
eters and approximately 10-g portions of anthracite. 

The size analyses shown in Table 2 were determined by the use 
of a “Ro-Tap”’ and U.S. S. sieves. 

Preliminary graphical representation of the specific gravity- 
volatile matter data of Table 2 showed the same trend as do 
Turner’s results in Fig. 1, when tried on all the commonly used 
bases, i.e., as received, dry, dry ash-free, and dry mineral-matter- 
free. Aithough there is some tendency in the direction of higher 
gravity with higher ash content, the specific gravity - ash content 
data, on the as-received and dry bases, showed a fairly typical 
“shotgun pattern.’’ As a result none of these relationships for 
the data of Table 2 is presented graphically. 

The next step was to gain some idea of the relative physical 
stability, or what may be called the relative ‘‘inherent”’ strength 
of the buckwheat anthracites in the raw state. After considera- 
tion of possible methods, the microstrength test apparatus, 
originally described by Blayden, Noble, and Riley (5), was chosen. 
The apparatus is shown in Fig. 2. The sample cylinders are so 
constructed that the ends can be tightly closed after placing 12 
small steel balls and a weighed portion of a closely sized sample 
to be tested in each one. The cylinders are rotated for 800 
revolutions at the rate of 25 rpm. Anthracite samples of 4 ¢ 
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PROXIMATE ANALYSES, APPARENT SPECIFIC GRAVITIES, AND SCREEN ANALYSES OF NO. 4 AND NO. 5 BUCKWHEAT 


ANTHRACITES; AS-RECEIVED, AIR-DRY BASIS 


Proximate analysis 


Volatile Apparent 
Field and Size and Moisture, matter, Ash, specific -———Screen analysis (U.S. 8.) cumulative, per cent—— 
sample no, designation per cent per cent per cent gravity +10 mesh +20 mesh +30 mesh +40 mesh 
Northern 1 Buckwheat no. 4 Iie 7.2 21.8 1.66 + 0.01 11.6 82.6 94.5 97.5 
2 Buckwheat no. 4 2,2 6.4 9.4 1.58 5:1 85.2 94.7 97.4 
3 Buckwheat no. 4 2.6 5.3 6.2 1.58 5.4 95.9 99.4 99.6 
4 Buckwheat no. 4 3.3 5.9 7.8 1.57 0.2 70.3 90.2 96.7 
5 Buckwheat nos. 4 

and 5 3.3 6.1 9.1 1.59 0:2 50.6 75.9 88.9 
Western Middle 6 Buckwheat no. 5 2.8 8.9 17,2 1.53 0.3 31.6 68.2 83.8 
7 Buckwheat no. 4 3.4 6.2 12.2 1.63 9.2 78.7 91.6 95.8 
8 Buckwheat no. 4 1.4 8.3 10.2 1,52 5.4 84.8 95.0 97.8 
9 Buckwheat no. 5 1.8 10.0 11.9 1.52 0.1 28.2 61.0 79.4 
17 Buckwheat no. 4 3.0 5.6 12.9 ¥.64 3.6 69.9 88.8 95.9 
24 Buckwheat no. 4 1.8 10.9 9.9 1.48 9.8 91.9 97.8 99.3 
31 Buckwheat no. 5 2.5 5.8 9.6 1.67 0.8 44.1 78.4 91.6 

Eastern Middle 10 Buckwheat no. 4 3.2 3.8 8.8 1.65 32.4 96.7 99.5 Bs 

11 Buckwheat no. 4 2.9 4s i 8.8 1.65 33.0 96.0 99.5 a 
14 Buckwheat no. 5 4.6 6.2 10.8 1.67 3.1 54.2 81.4 93.1 
19 Buckwheat no. 4 2.8 4.4 14.0 1.70 13.5 81.7 94.0 97.8 
22 Buckwheat no. 4 Zit 5.5 b(t 1.69 5.7 92.4 98.8 99.4 
29 Buckwheat no. 5 4.3 4.9 11.3 1.67 4.5 68.5 87.3 95.2 
30 Buckwheat no. 5 4.4 ead: 12.0 1.70 5.6 48.3 68.9 80.5 
Southern 12 Buckwheat no. 4 Pua HW) 13.2 1.60 yeh?) 80.3 91.6 96.7 
SES Buckwheat no, 4 3.1 7.5 12.0 1.67 3.0 60.4 83.9 93.6 
15 Buckwheat no. 4 9, 4.0 12.4 L7G 21.8 90.6 97.1 99.0 
16 Buckwheat no, 4 2.2 8.9 15.2 1.53 ONT 36.3 59.9 76.7 
18 Buckwheat no. 5 up) 4.3 13.1 1.72 0.2 35.8 72.5 89.1 
20 Buckwheat no. 4 2.6 5.4 13.8 1.72 5.9 85.8 96.2 98.9 
2% Buckwheat no. 5 3.7 5.0 15.5 1.74 0.8 48.1 73.2 87.4 
23 Buckwheat no. 4 4.4 9.2 13.5 1.62 5.1 90.1 97.1 98.5 


Fic. 2. MicrostrReNGTH Test 
MACHINE 
(Blayden, Noble & Riley, reference 5.) 


STEEL BALLS 


@ SAMPLE Val 


were used rather than the 2-gram samples originally specified for 
testing cokes, in order that the anthracite would occupy about the 
same volume as the coke. In preparing carefully sized samples 
of fines, 16 X 30-mesh fractions, made up to a standard size 
consist, were used. The 16 X 30-mesh fraction corresponds 
closely to the size specified for cokes as originally described in the 
test. The arbitrary standard size consist used in the present 
work is based upon the average of the size consists of the 16 X 
30-mesh fractions of all of the samples tested, the average size 
consist being as follows: 16 X 18 mesh, 26.7 per cent; 18 X 20 
mesh, 33.4 per cent; 20 X 25 mesh, 18.6 per cent; 25 X 30 mesh, 
21.3 per cent. Proximate analyses and apparent specific gravi- 
ties of the standard 16 X 30-mesh fractions of the different No. 4 
and No. 5 buckwheat sizes are shown in Table 3. In Fig. 3 the 
degree of correlation existing between the apparent specific 
gravities (dry ash-free basis) of the original buckwheat sizes and 
the corresponding standard 16 X 30-mesh fractions is shown. 
After the 4-g portions of the standard 16 X 30-mesh samples 
have been subjected to the prescribed treatment in the micro- 
strength tester, the coal is carefully removed from the cylinders 
and the breakdown deduced from the amounts remaining on a 
30-mesh and a 70-mesh screen. The microstrength index of the 
coal is expressed as the cumulative per cent on 30 mesh over the 
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REVOLUTION COUNTER 


TABLE 3_ PROXIMATE ANALYSES AND APPARENT SPECIFIC 

GRAVITIES OF STANDARD 16 X 30-MESH FRACTIONS OF 

DIFFERENT RAW NO. 4 AND NO. 5 BUCKWHEAT ANTHRACITES; 
AS-RECEIVED (AIR-DRY) BASIS 


-——Proximate analysis, per cent—~ Apparent 
Field and Volatile specific 
sample no, Moisture matter Ash gravity 
Northern 1 2.0 Codd 20.9 1.69 
2 2.7 6.3 10.2 .58 
3 2.9 5.4 9.4 1.61 
4 Zak 6.6 8.7 1.58 
5 2.8 6.7 8.2 1.58 
Western Middle 6 ZA 9.2 8.6 ye 
7 2.6 6.5 13.1 1.64 
8 1.6 8.9 12.7 1.53 
9 2.2 8.5 8.8 1.49 
7 3.6 5.8 15.8 1.67 
24 1.9 12.4 14.0 1.53 
31 223 5.3 8.8 1.61 
Eastern Middle 10 3.0 4.6 13.6 1.64 
11 3.4 4.7 12.6 1.61 
14 4.6 6.5 10.7 1.53 
19 2.6 4.7 16.8 1.63 
22 2:6 6.1 ak eal 1.69 
29 3.7 5.2 1 OE 1.67 
30 4.7 7.4 9.6 1.66 
Southern 12 2.3 6.9 13.1 1.59 
13 4.2 7.5 iL ee 1.65 
15 236 4.3 16.7 1.562 
16 2.5 8.9 13.6 1.57 
18 2.4 4.4 9.2 1.66 
20 3.8 5.8 15.8 1,72 
21 3.4 5.3 16.4 1.74 
23 4.7 10.4 16.1 1.64 
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BUCKWHEAT ANTHRACI TES Vs. APPARENT 
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cumulative per cent on 70 mesh, e.g., 5/50. In general the micro- 
strength test was run in duplicate and for indexes in the vicinity 
of 10/60 the average deviation is +0.35/0.55; for those in the 
vicinity of 6/40 it is +0.30/0.50; and for those around 2/25 it is 
=£0.35/1:25. 

The microstrength indices versus the apparent specific gravity 
(air-dry basis) of the raw standard 16 X 30-mesh fractions of the 
different No. 4 and No. 5 buckwheat anthracites are shown 
graphically in the lower part of Figs. 4 and 5; expression of the 
gravities on either the dry, dry ash-free, or dry mineral-matter- 
free basis did not alter the general nature of the relationship, and 
no advantage was evidenced from replacing specific gravity with 
volatile-matter content. The cumulative per cent on 30- 
mesh part of the index is shown on the lower half of Fig. 4, while 
on 70-mesh part is shown in the corresponding position in 
Fig. 5. To express a microstrength index as a single integer is 
not satisfactory, because it would thereby lose most of its signifi- 
cance. : 

An examination of these two figures shows that, just as was 
the case in Fig. 1, the highest-gravity coals in the raw state are 
not necessarily the coals which possess the highest physical 
stabilities as expressed by the microstrength indexes. It should 
be borne in mind, however, that one cannot set up definite cate- 
gories on the basis of these relative stabilities which are deter- 
mined only on a selected fraction of the fines. Nevertheless, it is 
clear that in the fine sizes, coals from different fields possess 
similar stabilities in some cases, while in others, coals from the 
same fields possess different stabilities which is in accord with 
experience in the use of the larger sizes of anthracite. 
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CLENDENIN, BARCLAY, WRIGHT—USE OF ANTHRACITE FINES IN COKE PRODUCTION 


Errect or HicH-TmMPERATURE THERMAL TREATMENT ON 
ANTHRACITE FINES 


Since it has been generally observed as well as reported in 
several cases (6) that many anthracites show increased strength 
after being subjected to thermal treatment at elevated tempera- 
tures, it seemed reasonable to investigate the effect of high- 
temperature thermal treatment on the relative ‘‘inherent’’ 
strengths of the different anthracite fines. Likewise, it was 
desirable to obtain some estimate of the thermal stability or 
simply resistance to thermal shock of the different anthracite 
fines. Some preliminary experiments with the 16 X 30 fraction 
of a buckwheat No. 5 anthracite demonstrated that the necessary 
thermally treated samples for both tests could be prepared simul- 
taneously by heating 40 to 50 g of coal in a covered fireclay 
crucible placed in an electric muffle furnace, the temperature of 
which was initially at 1000 C. At the end of 1 hrof heating in the 
furnace the temperature of the center of the coal charge in the 
crucible was found to be approximately 900 C. Heating the 
sample longer than 1 hr in the furnace, with subsequent cooling of 
the sample in the covered crucible, was found to effect no further 
significant change in the stability, or relative “‘inherent”’ strength, 
of the anthracite as determined by means of the microstrength 
tester. Similarly, most of the size breakdown of the 16 X 30- 
mesh fraction of fines due to thermal shock was accomplished by 
1 hr of heating. Therefore, 1 hr was chosen as the optimum time 
of thermal treatment of the test samples when the temperature 
of the muffle furnace was initially at 1000 C. 

Duplicate samples of 40 to 50 g each of the standard 16 X 30- 
mesh fractions of the different No. 4and No. 5 buckwheat anthra- 
cites were subjected to thermal treatment in the manner already 
described. Upon removal of the covered crucibles from the 
furnace they were allowed to become cool to the touch before the 
lids were removed from the crucibles so as to eliminate ashing- 
over of the coal in the top of the crucible. After cooling, the 
samples were carefully weighed and subjected to a size analysis 
into 16 X 18-mesh, 18 X 20-mesh, 20 X 25-mesh, and 25 X 30- 
mesh fractions using the Ro-Tap. The shaking time was held 
to a minimum but was long enough so that no appreciable quan- 
tity of material could be shaken from one screen to the next by 
additional time on the Ro-Tap. The duplicate samples showed 
reasonably close agreement, except in the case of the 16 X 18- 
mesh fraction. However, even in this fraction the differences or 
similarities between samples appeared to be real rather than 
apparent. The results of the thermal breakdown tests on the 
selected fraction of the No. 4 and No. 5 buckwheat anthracites 
are shown graphically in Fig. 6, as relative resistance to thermal 
shock versus apparent specific gravity. In this figure only the 
cumulative percentages remaining on 20 mesh and 30 mesh after 
thermal treatment are shown, as an examination and comparison 
of the data for the different fractions suggested that these two 
sizes adequately represent the relative thermal stability of the 
different units of the 16 X 30-mesh fractions as measured by the 
procedure outlined here. 

Comparing the results shown in Fig. 6 with those shown in Fig. 
4 for the strength of the original coals, it will be noted that the 
relative positions of many of the samples with respect to each 
other are shifted. It appears that, in general, except for two 
samples of lowest gravity, a coal of low gravity may be as likely to 
possess a high thermal stability as a coal of high gravity. 

The physical stabilities of the thermally treated samples, which 
are shown in the upper part of Figs. 4 and 5, were determined by 
the use of the microstrength test apparatus in the manner already 
described for the raw 16 X 30-mesh fraction before thermal 
treatment. The different fractions resulting from the “thermal- 
breakdown” size analysis were mixed thoroughly before being 
tested in the microstrength apparatus. The 5 to 10 per cent of 
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RELATIVE RESISTANCE TO THERMAL SHOCK VS 
APPARENT SPECIFIC GRAVITY OF ANTHRACITES 
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minus 30-mesh material present in the thermally treated fractions 
was left in the samples to be tested for relative physical stability 
in the microstrength apparatus, and no correction was applied to 
the observed or apparent microstrength indexes of the various 
thermally treated samples, because the correction causes no 
appreciable change in the relative positions of the indexes with 
respect to each other, although it does cause a small change in the 
magnitude of the apparent or observed value of the various 
indexes. 

Examination of the results depicted in Figs. 4 and 5 for the 
relative “‘inherent” strengths of standard 16 X 30-mesh fractions 
after thermal treatment shows that, in general, the physical sta- 
bility of the 16 X 30-mesh fraction is increased as a result of the 
thermal treatment, and the increase is less, generally, for coals 
having the higher stability in the raw state. Certainly there is 
no clear-cut trend, albeit there is some tendency for the high- 
gravity coals to possess the greater stability. It is evident that, 
as previously implied, each coal must be judged on its individual 
merits and for the particular purpose. 

In conclusion and as a summary of the work on the properties 
of anthracite fines, Fig. 7 has been prepared. In it the results 
of the work on the thermal stability, apparent specific gravity, and 
microstrength index or relative ‘‘inherent’’ strength of the 16 X 
30-mesh fractions are plotted against the dry, ash-free volatile- 
matter content of the fractions; Fig. 7 is analogous to Fig. 1. 
It will be noted that below 11 per cent volatile-matter content, 
similar tendencies or trends are apparent, the clearest being in 
thermal breakdown (thermal stability) versus volatile matter. 

As previously suggested, rather erroneous conclusions may 
result regarding the suitability of an anthracite for a particular 
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purpose by placing too much emphasis on the data of specific 
gravity and volatile matter. The change in the relative positions 
of the different fines with respect to each other is rather illuminat- 
ing. For example, it will be noted that the Northern Field fines, 
ranging in volatile content from 6 to 9.5, show the highest relative 
inherent strength in the raw state as measured by the micro- 
strength indexes, while the same coals have only medium gravities 
and medium relative thermal stability measured by the cumula- 
tive per cent on 30 mesh in the thermal-breakdown test. The 
Eastern Middle Field fines ranging in volatile content from 5 to 
8.5 per cent, and in gravity from medium to high, possess in 
general the highest thermal stability and medium relative ‘‘in- 
herent” strength. The fines from both the Western Middle 
and Southern Fields are more variable as would be expected, and 
only in the microstrength test do they, generally, fall below the 
fines from the other two fields. 


LABORATORY-SCALE COKING TESTS 


The laboratory-scale coking tests with the exception of several 
preliminary experiments were all made using a bituminous coking 
coal from the Pittsburgh seam having the following proximate 
analysis: Moisture, 1.7 per cent; ash, 8.3 per cent; volatile 
matter, 36.3 per cent; and fixed carbon, 53.7 per cent. The 
anthracite fines used in conjunction with the coking coal are 
indicated in subsequent paragraphs. In general, only No. 5 
buckwheats were used, with the exception that in one series of 
tests a Northern Field anthracite silt was used. 

The coals and coal blends were carbonized in a small, two-wall 
heated, gas-fired oven that has been described previously (7); 
coal charges of about 7 lb were used. The coking time was 
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approximately 100 min when the oven flue temperatures were 
maintained at about 1100 C. At the end of 100 min, the center 
of the coke had reached a temperature of about 950. 

The relative bulk density of the coal charge was hardly affected 
by the presence of 5 per cent of No. 5 buckwheat anthracite, and 
the differences observed with the different No. 5 buckwheats 
were generally within the limits of error in the measurement of 
the relative bulk density. However, with the addition of 5 per 
cent of a No. 5 buckwheat pulverized to minus 100-mesh size, 
a very small but apparently significant increase in the relative 
bulk density of the charge was observed. The coals as carbon- 
ized were in the air-dry condition. 

In general, the coking tests were conducted at least in dupli- 
cate, and the yield of plus 2-in. coke was reproducible to within 
about +4 per cent of the average, while the yield of plus 11/2-in. 
coke was reproducible to within about +2 per cent of the average. 

The biggest problem was that of evaluating the relative 
strengths of the various blend cokes. Experiments indicated 
that the microstrength test apparatus was unsatisfactory as a 
means of deducing or inferring the relative macrostrengths of the 
different: cokes, and that under the circumstances the usual test 
procedures for macrotesting of commercial cokes were hardly 
feasible. Since the primary interest was that of distinguishing 
differences in the relative strengths of the blend cokes, it was 
decided, finally, to make use of the rather vigorous and regular ° 
motion of a Tyler Ty-Lab tester which is ordinarily used for 
screening work. 

The tester was used in two different ways and both seemed to 
permit the detection of differences in the relative strengths of the 
various blend cokes. In the first the 2, 11/,, and /4-in. screens 
were placed on the tester pan and the lid clamped on top, with the 
result that the maximum distance of travel of a piece of coke was 
about 4 in. In the second and preferred procedure, a blank 
sereen frame was placed on the pan and the lid clamped on top 
over the blank frame, with the result that the maximum distance 
of travel of a piece of coke was about 8 in. The tester, charged 
with approximately 2000 g of coke, was operated for successive 
increments of time from 5 min up to a total of 80 min, and it was 
found that starting initially with plus 2-in. or plus 11/2-in. coke, 
the cumulative percentages remaining on both the 1!/.-in. and 
the %/,-in. sereens after 15 and 80 min of treatment gave a 
reasonable measure of the relative strength of the different blend 
cokes. 

In general, the relative-strength tests were performed in dupli- 
cate and at the end of 15 and 80 min the cumulative per cent 
remaining on 1!/, in. was reproducible to within about +2.5 per 
cent of the average; and the cumulative per cent on 3/; in. to 
within about +1.5 per cent of the average. Variations of a few 
hundred grams in the amount of coke taken for testing appeared 
to exert no significant effect on the relative-strength results. 


Best Coker From FINELY PULVERIZED ANTHRACITE 


It was mentioned in a previous section that of the two groups 
of thought regarding the size and size consist of anthracite for 
blending, one believes the use of more or less finely pulverized 
anthracite produces the best coke. In order to examine this the- 
sis a series of experiments was conducted using buckwheat anthra- 
cite sample No. 29. Some 2 kg of the original buckwheat, the 
nominal top size of which was 8 mesh, was divided into five repre- 
sentative fractions; the first was untouched, the second pulver- 
ized to minus 20 mesh, the third to minus 40 mesh, the fourth to 
60 mesh, and fifth to 100 mesh. In each case the material passing 
the given screen was first screened out and the oversize pulverized 
to pass through the screen. Of each size, 5 per cent was blended 
with 95 per cent of the Pittsburgh seam coal for the coking tests. 

The results for this set of experiments are shown graphically in 
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Figs. 8 and 9. In the former, the relative blockiness of the blend 
cokes as represented by the yield of plus 2-in. coke is shown as a 
function of the nominal top size of the anthracite fines used in the 
original coal blend. At the left of the figure the yield of plus 2- 
in. coke from the straight coking coal is shown above ‘No 
Anthracite.”” The effect of the relative coarseness of the anthra- 
cite on the blockiness is rather obvious. In the latter the rela- 
tive strength of the blend cokes, as represented by the cumulative 
percentages remaining on 11/,-in. and on 3/,-inch screens after 
both 15 and 80-min treatment in the Ty-Lab tester, is shown as a 
function of the nominal top size of anthracite used in the original 
coal blend. 

It will be noted that the trend of the relative strength versus 
top size or relative coarseness of the anthracite is in a direction 
opposite to that evident for blockiness in Fig. 8. The effect of 
increasing coarseness of the anthracite on the relative strength of 
the blend coke is unmistakable. It appears that finely pulver- 
ized anthracite is not wholly detrimental to the quality of the 
coke, and when the top size of the anthracite is between about 20 
to 60 mesh there is some enhancement of the coke strength. The 
results shown in Figs. 8 and 9 suggest that, as a generalization, 
there is some justification for the observation previously cited to 
the effect that the larger the percentage of inerts passing 50 mesh, 
the better the structure of the coke. 

It was evident from the results of the foregoing experiments 
that it would be desirable to examine the effect of 5 per cent each 
of specific size fractions of anthracite fines on the relative strength 
and blockiness of blend cokes made with the same bituminous 
coal. Consequently, experiments, the results of which are 
shown graphically in Figs. 10 and 11, were conducted using the 
sized fractions indicated. Even a cursory examination of these 
two figures shows that the general relationships that exist in Figs. 
8 and 9 between the size of the anthracite and the strength and 
blockiness of the blend coke, also exist in these figures. The 
same marked changes in the strength and blockiness in the 
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vicinity of 40 to 60 mesh are also evident. The effect of 5 per 
cent of the composite 12 X 200-mesh anthracite is noteworthy. 
In general, the results for this composite are in accord with the 
results obtained with the individual fractions from which the 
composite was made up. The striking behavior of the sizes and 
fractions in the vicinity of 40 and 60 mesh suggests that more 
intensive study should be conducted in order more clearly to 
define that behavior. 

In the light of the results observed in the foregoing experi- 
ments, the results of the work shown in Figs. 12 and 13, in which 
5 per cent each of ten different No. 5 buckwheats were used, are 
of special interest. Fig. 14 in which the volatile-matter con- 
tents, specific gravities, and size consists of the ten buckwheat 
anthracites appear, should be used in conjunction with Figs. 12 
and 13. Mental superposition of these three figures will show 
again the same general trend that is evident in Figs. 8, 9, 10, and 
11; namely, that coarseness of size consist of the anthracite tends 
to enhance the relative blockiness of the blend cokes, while fine- 
ness tends to enhance their relative strengths. It will be noticed 
in Fig. 14 that generally those buckwheats having the coarser 
size consist also happen to possess higher specific gravities and 
lower volatile-matter contents. 

Two of these No. 5 buckwheat samples, Nos. 18 and 31, are be- 
ing used for blending in the production of foundry coke with 
apparent satisfaction. In Fig. 12 it will be seen that both of 
these samples show up well with regard to relative blockiness, but 
not quite so well in relative strength in Fig. 13. It will be seen 
from Fig. 14 that both anthracites have low volatile-matter con- 
tents and high gravities. Three other of these No. 5 buckwheat 
samples, Nos. 6, 14, and 30, are reported to be used for blending at 
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coke plants, but it will be observed that the characteristics of 
these three buckwheats differ considerably as do their blend 
cokes. The results with sample No. 16 are rather unique. The 
relative blockiness of the blend coke is low while its relative 
strength is high, yet the specific gravity of the anthracite used is 
low and its volatile content is high. 

An examination of the various data for the ten No. 5 buckwheat 
anthracites suggested that some relationships should exist be- 
tween certain characteristics of these buckwheat anthracites and 
the relative strengths of their blend cokes, as represented by 
the cumulative percentage of coke remaining on 3/, in. after 80- 
min treatment in the Ty-Lab tester. In Figs. 15 and 16 are 
shown several apparent correlations. In the former the specific 
gravities and volatile-matter contents of the ten original No. 5 
buckwheat anthracites are shown on the ordinate while the rela- 
tive strengths of the blend cokes containing 5 per cent each of the 
ten different anthracites are shown on the abscissa. In the 
latter the percentage of 40 X 60-mesh material in the ten 
original No. 5 buckwheat and the thermal breakdown, i.e., 
thermal stability, of the standard 16 X 30-mesh fractions of the 
ten No. 5 buckwheats are shown on the ordinate while the relative 
strengths of the blend cokes are on the abscissa. The correla- 
tions are reasonably clear and somewhat at odds with certain 
prevailing ideas regarding the relative suitability of anthracites 
for blending. 

No such apparent correlations between some characteristics of 
the buckwheat anthracites and the relative blockiness of the 
corresponding blend cokes could be readily ascertained, except 
for the general trend, already pointed out, of increasing blockiness 
of the coke with increase in the coarseness of the anthracite fines. 
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In order to demonstrate the effect of using different types of 
coking coal and increasing the amount of anthracite on the 
relative blockiness and strength of the coke, several preliminary 
experiments the results of which are compiled in Table 4, were 
conducted. Perhaps the most unique thing in the entire set of 
tests is the remarkable difference in the relative strengths of the 
blend cokes made from the two different coking coals each 
blended with 15 per cent of No. 5 buckwheat in its original size 
consist, as contrasted with the strikingly similar strengths of the 
blend cokes made from these coking coals but with 15 per cent of 
No. 5 buckwheat pulverized to minus 100 mesh. In contrast 
with this, the relative blockiness of the blend cokes, as yield of 
+2-in. coke, does not differ to any great extent. 

As a matter of interest a sample of a standard commercial 
coking blend containing 6 per cent of No. 5 buckwheat anthra- 
cite with high- and low-volatile coals in the ratio of 60-40, was 
secured, The yield and relative strength of the coke from this 
blend, after carbonization in the laboratory oven, are shown in 
Table 4. The relative strength appears to be about the same as 
the strengths observed on the two cokes made with 15 per cent of 
minus 100-mesh anthracite in the coal blend. 

A sample of regular by-product coke made from this blend was 
also secured. The results of testing this coke in the Ty-Lab 
tester are shown in Table 4, and by means of A.S.T.M. drop shat- 
ter in the footnotes. This coke was also subjected to multiple- 
drop shatter and mathematical analysis for rate of degradation (8), 
the final results of which are also presented in the footnotes of 
Table 4. 

Since particle shape has also been suggested as a factor which 
may be significant in the selection of buckwheat anthracites for 
blending, the ten No. 5 buckwheats used in the coking tests were 
examined with this in mind. Three different observers, using 
naked-eye observation as well as a low-power binocular, were in 
reasonable agreement regarding the shapes of the particles which 
were predominantly rhombic, rhomboidal, or cuboid, with some 
platelike or needlelike particles also present. But no correlation, 
the degree of which was as significant as those correlations already 
shown, could be deduced between particle shape and the charac- 
teristics of the blend cokes. 


CONCLUSIONS 


It has become evident as a result of the foregoing work that 
anthracites of high specific gravity and low volatile-matter con- 
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tent are not necessarily more suitable for blending than low- 
gravity, high-volatile anthracites, although it has been reported 
recently that high-gravity, low-volatile anthracites are most suit- 
able for blending in small amounts in the manufacture of by- 
product coke. 

In this small-scale carbonization work there was a discernible 
tendency toward increased blockiness and decreased strength of 
the blend cokes made with anthracite fines of coarser size con- 
sist, while with buckwheat anthracites of finer size consist the 
tendency was reversed. This would suggest that an anthracite 
for blending must be chosen, at least in part, on the basis of the 
use value of the resultant coke, e.g., in foundry coke blockiness is 
prized more highly than in blast-furnace coke. There is a reason- 
able indication from the results of the relative-strength tests on 
the blend cokes, in particular the cumulative per cent of coke 
remaining on 3/, in. after 80-min treatment in the Ty-Lab tester, 
that increased strength of the coke is favored by the use of anthra- 
cites of lower specific gravity and higher volatile-matter content, 
at least with the ten No. 5 buckwheat anthracites used. It ap- 
pears that breeze production, of which the minus 3/,-in. coke re- 
sulting in the 80-min Ty-Lab treatment might be taken as a 
measure, tends to be lessened by the use of No. 5 buckwheat 
anthracites of finer size consist, lower specific gravity and higher 
volatile-matter content. : 

In these tests there is evidence that pulverization before blend- 
ing of a No. 5 buckwheat of higher gravity and lower volatile 
content, which originally is of relatively coarse size consist, will 
result in improved strength of the blend coke over that of the 
coke made with the anthracite in its original size consist. 

These laboratory tests indicate that the plus 20-mesh material 
in a No. 5 buckwheat, which in the ten No. 5 buckwheats tested 
varied from 28 per cent to 68 per cent, may be more detrimental 
to the strength of the blend cokes than would any appreciable 
amount of minus 100-mesh material. However, it was evident 
that the presence of plus 20-mesh material was conducive to in- 
creased blockiness of the blend cokes. 

No significant correlation could be deduced between the 
particle shape of the ten No. 5 buckwheat anthracites and the 
characteristics of the corresponding blend cokes. 

The laboratory investigation of the various No. 4 and 5 buck- 
wheat anthracites indicated the following apparent relationships 
for the anthracites alone: 

1 In general, buckwheat anthracites of higher volatile-matter 


TABLE 4 MISCELLANEOUS EXPERIMENTS 


{Relative strength of coke as_mea- 


Relative sured in Ty-Lab tester. Initial 
bulk den- |size: 100 per cent +1!/2-in. Cumu- Apparent 
sity of -—Coke yields, per cent— lative per cent dear | specific 
: Coals used : coal, —After15 min— -—After 80 min— gravity 
Bituminous Anthracite lb per cu ft Total +2in. +1!/ein. On 11/4 On 3/4 On life On 3/4 of coke 
100 per cent, Pittsburgh seam, 
high volatile 45.5 64 51 89 60.3 83.8 31.8 63.0 0.79 
100 per cent, Lower Kittan- 
ning¢ seam, low volatile 48.0 81 45 83 62.3 84.9 39.8 67.0 0.86 
85 per cent, Lower Kittanning 15 per cent No: 29 original a sare 
Seariilowavolatle ; To buckwheat, 48.0 81 90 98 75.4 83.2 48.3 60.6 0.83 
85 per cent, Pittsburgh seam 15 per cent No. 29 origina’ 
Nos 5 buckwheat 46.2 72 96 98 38.9 46.1 0.7 10.4 0.81 
85 per cent, Pittsburgh seam 15 per cent No. 29, 100 
pres minus me 51.8 68 85 96 75.7 85.8 54.3 67.9 0.88 
mesh 
85 per cent, Lower Kittanning 15 per cent No. 29, 100 
seam cr a minus path 51.8 77 82 97 72.8 84.0 56.5 70.0 0.80 
mesh 
Standard commercial by-product blend (60-40, high-vola-| 
tile-low-volatile) with 6 per cent of No. 5 ‘buckwheat 49.9 75 66 92 i118 88.1 52.9 74.9 0.87 
carbonized in small-scale oven 
Anthracite blend cokec made in a standard by-product 
oven from the blend above containing 6 per cent of No. = (3 X 1!/s-in. initially) 94.0 94.6 83.0 84.5 0.92 
buckwheat 
« Lower Kittanning seam coal of the following proximate analysis: Moisture, 1.1 per cent; ash, 13.0 per cent; volatile matter, 17.9 per cent; fixed car- 


bon, 68 per cent. 
» Air-dried before coking in the laboratory oven. 
¢ This coke was made on a coking time of 18.4 hr in a 20-in. oven. 


The A.S.T.M. Standard 2-in. shatter index for this coke is 86 while the 1!/2-in. index 
is 94, both of which are significantly higher than is the case for straight bituminous cokes generally. 


Using the multiple-drop procedure (8) of the Coal Research 


Laboratory of Carnegie Institute of Technology, the rate of degradation of this anthracite-blend coke is —1.24 per 10 drops, as contrasted with values of 


—0.74 to —1.39 for three commercial blast-furnace cokes from straight bituminous coal as reported by the Coal Research 


vaboratory. 


— 
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content and lower specific gravity possess lower thermal stability 
than do anthracites of lower volatile content and higher gravity. 

2 High-temperature thermal treatment of the buckwheat 
anthracites increases their physical stability or relative ‘inher- 
ent’’ strength as measured in the microstrength test. apparatus. 
The buckwheats showing the lower physical stability before 
thermal treatment often show a greater increase of strength as a 
result of thermal treatment than do those possessing the greater 
stability before thermal treatment. 

3 For the buckwheat anthracites tested there was, in general, 
no satisfactory correlation between the physical stability of the 
raw anthracites, as measured in the microstrength tester, and the 
specific gravity of the anthracites. There was, however, some 
tendency toward higher-gravity anthracites possessing greater 
physical stability than lower-gravity anthracites. The degree of 
relationship with volatile-matter content is similar. 

4 For the 27 No. 4 and No. 5 buckwheat anthracites tested 
there was no clear or distinct correlation between the specific 
gravity and the volatile-matter content of the anthracites; how- 
ever, there was some tendency for the samples of higher volatile- 
matter content to possess lower specific gravity. 

Finally, the selection of an anthracite for blending in by- 
product coke manufacture should be on the basis of the use value 
of the coke, keeping in mind that a higher-gravity, lower-volatile 
anthracite will not necessarily prove more suitable than a lower- 
gravity, higher-volatile anthracite. In addition, No. 5 buck- 
wheat anthracite should be selected, the size consist of which 
will result in the desired strength and blockiness characteristics. 
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Blending Coals Reflects Greater 
Uniformity of Product 


By R. F. STILWELL,! CLEVELAND, OHIO 


Coal consumers look for three qualities in their fuel, 
suitability for their requirements, uniformity in ship- 
ments, and proper heating value, as well as suitable chem- 
ical and physical characteristics. The present paper gives 
a broad picture of the part that blending plays in the at- 
tainment of these qualities, discussing methods and 
equipment which have given the best results. Case ex- 
amples are cited of the improvements achieved by suitable 
blending practices. Metallurgical engineers have had 
much wider experience in blending raw materials than 
have coal-preparation engineers; and the author has in- 
corporated notes on “‘bedding”’ or blending with reference 
to coal, by A. J. Boynton, an authority on the subject. 
Suitable bin designs for blending purposes are included in 
the paper. : 


HERE are three things which all coal consumers look for 

when they burn coal, these are: (1) suitability for their 

particular requirements and burning equipment, (2) uni- 
formity of shipments, and (3) quality, as expressed by heating 
value and other chemical and physical tests. 

Suitability or proper application is determined generally from 
previous buying experience. It is a function of (a) the reliability 
and integrity of the shipper and distributor, (6) of a certain coal 
field or seam, and (c) of uniformity and quality. 

Quality is limited by the location and geology of the seam and 
mine, the mining and preparation methods and equipment, and 
the knowledge and ability of the personnel. 

Uniformity of shipments is in many ways the most important 
factor in coal selection. Lack of uniformity in chemical quality, 
size consist, and treatment causes most of the customer com- 
plaints which are the fault of the coal shipper. Lack of uniform- 
ity destroys suitability and quality standards, causing a large 
customer turnover, and greatly increases sales expense as well as 
reduces the net return to the operator. 

Oil and gas fuels enjoy a greater uniformity of quality than 
solid fuels and there will be more gas and oil competition for coal 
markets after this war than before because the size of their mar- 
ket is a direct function of the dimensions of their pipe lines which 
have been greatly increased during the war. 

Present mechanical coal-cleaning equipment based on 
gravity concentration has gone a long way toward giving us a 
coal of uniform ash content. The chart, Fig. 1, by Hebley? 
shows the greater uniformity of washed coal as compared to raw 
coal with respect to ash content. Wide variation in the nature 
and amount of ash in the coal feed to the washer results in a coal 
of nonuniform ash content. Mechanical cleaning equipment 
does not ‘‘understand”’ such terms as ash-softening temperature, 


1 Fuel Engineer, North American Coal Corporation. 

2“Keonomics of Preparing Coal for Steam Generation,’ by H. 
F. Hebley, Trans.-A.I.M.E., vol. 130, Coal Division, 1938, pp. 79-99. 

Presented at a Joint Meeting of the Fuels Division of THE AMBRI- 
cAN SocinTy oF MECHANICAL ENGINEERS and the Coal Division of the 
American Institute of Mining and Metallurgical Engineers, Charles- 
ton, West Va., Oct. 30-31, 1944. 

Notre: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


coking properties, size consist, and sulphur content. -Unless 
the feed to the washer is uniform the washed coal will probably 
not be uniform. 

Table 1 shows the ash, sulphur, and ash-softening temperature 
of two mines in the Pittsburgh bed, both raw and washed, loaded 
over the same tipple; also No. 3 and No. 4 Pocahontas seams 
both raw and washed, loaded over the same preparation plant. 
It is obvious that they must be blended or loaded separately if a 
uniform product is to be obtained. 


Wuy Is BLENDING NECESSARY? 


It was natural for the captive-tonnage operators producing 
by-product coals to recognize the necessity for blending raw 
coals of different quality and coking characteristics. They have 
had many years of experience with blending high-, low-, and me- 
dium volatile coals at their oven plants. They have found that 
careful blending gives them a coke of more uniform quality and 
better structure. Coals which could not be coked successfully by 
themselves could be blended with other coals to produce a satis- 
factory coke. They have found that the better coke produced 
resulted in greater furnace capacity and lower-cost pig iron and 
steel. It is significant that all of their recently installed coal- 
preparation plants include elaborate blending plants. 

Operators supplying the commercial market have been slow 
to adopt blending as a part of their preparation plants; proba- 
bly as Hebley? states, because of its intangibility, uniformity 
does not fully reflect its importance to the coal-mine operator 
who is supplying consumers of steam coal. 

There are many reasons why blending is necessary. Some of 
these are as follows: 


1 Variation in quality over large areas. The prospecting of 
any large area containing one or more coal beds by diamond 
drilling and outcrop openings usually shows wide variation in ash 
and sulphur and may show wide variation in ash-softening tem- 
perature. The rapid exploitation produced by mechanical load- 
ing will probably bring quality changes more quickly than by 
hand loading. 

2 Loading two or more seams over one tipple. Many mines 
in the steep mountainous regions of West Virginia, Virginia, 
Pennsylvania, and Kentucky, and at least one operation in 
Illinois load two or more seams of coal over the same tipple. In 
some cases these seams have wide differences in chemical analy- 
ses, physical properties, appearance, and coking properties. It 
is more economical to blend these seams and load them together, 
if a market is available, and provided that they can be blended 
uniformly. 

3 Where mechanical cleaning equipment is installed wide 
variations in the washer feed make it difficult if not impossible 
to keep the washer in continuous operation. Careful blending 
may eliminate the necessity for a washer in low-ash-coal beds. 

4 Blending through bins is about the only method available 
for producing a nut and slack coal of uniform size consist and 
for varying the proportion of one or another size necessary for 
obtaining the best results with various types of burning equip- 
ment. 

5 Some mines use two or three different methods of mining; 
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for instance, hand loading, mobile loading, and conveyer loading 
in the same mine. Blending is necessary under these conditions 
in order that a more uniform product may be loaded. 


The upper and lower Cedar Grove beds in Mingo County, West 
Virginia, have an interval of about 70 ft between them. Both 
are of good quality and are generally mined together and loaded 
over the same tipple. Sometimes they are loaded separately 
while at other mines they are blended. Table 2 shows significant 
differences in the sulphur content, ash-softening température, 
and coking properties which are borne out in actual plant tests. 
The difference in the amount of splint and bright coal is notice- 
able in the domestic block or lump sizes if it is not uniformly 
blended and brings complaints from dealers asking for more of 
“that green coal’’ because of the green cast which forms on the 
bright coal band in the lower Cedar Grove bed upon exposure to 
alr. 


VaLub oF UnirormM Quauiry, Size, AND APPEARANCE 


Steel-company plant tests show that a change of 1 per cent in 
the ash content of the coal charged to their ovens will affect the 
rate of production from 3 to 6 per cent. If the ash content of their 
coal varied from 6 per cent one day to 9 per cent the next, one can 
well imagine the reaction of the management. Iron production is 
definitely limited today because of an increase in the ash and sul- 
phur content of coal since the war began, and a lack of uniformity 
of coke because of variability in the ash, sulphur, and moisture 
content of coal. Variation in the sulphur content of coal may 
easily vary the cost of steel $1 per ton or more. 


L-- Approx. 50 out of every 100 samples 
fall a aca 6.64 ied 6. A h ash 


: .- Approx 83 out of every /00 samples 
fall between 648 and 7.12% ash 


Float 1.55 —Raw loat 1.55—~ 
(1) (2) no. 3 no. 4 no.3 no. 4 
6.4 5.6 9.8 9.6 6.3 6.7 
2.0 1.6 mare 0.7 0.5 

2500 2600 Wee peter 2720 2460 


Data 
Size of coal 4'x0" 
Number of samples 


Seam Pittsburgh 


Raw 
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Increments per sample 16-375 |b 
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32-375 Ib. 


Approx. 96 out of every 100 samples 
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Approx.4 out of every 100 
samples will fall either 


q 


Yi 
KQY 


YY 
Li 
845 = 8.15 935 965 9:95 


dry basis 


9.05 


CoMPARISON OF UNIFORMITY BETWEEN Raw AND WASHED CoaAL 


TABLE 2 EFFECT OF BLENDING UPPER AND LOWER CEDAR 


GROVE BEDS 3 


Upper Lower Blending 
Cedar Cedar as 
Bed Grove Grove mined 
Moisture, per cent’... / OLR. LPs 2.9 3.0 3.0 
Volatile matter,? per cent............-. 35.6 34.0 34.5 
PSD OOK COME iene oe dae hee oe ren 7.5 6.4 6.7 
Sulphur] per centic... cen.) ... ohana ett 2.0 0.9 Ae 
BUT Os elsencartcyeyc eer en eeeuOP ATS erie Ae 13640 13870 13750 
Ash-softening temperature,? deg F...... 2400 2650 2510 
Ash-softening temperature,> deg F...... 2250 2400 2275 
1 a CSS irda ie eh ede dt Sacre eae thee APR aor 26 25 ide, 
Agglutinating index (15:1)¢............ 7.6 6.8 a4! 
Hriabilitiv, © per:GOn vig akueanatelenye.e Fuchs ens 20.5 26.4 23.0 
Bright coal,® per cent... 29.0 63.0 46.0 
Splint coal,* per cent... 32.0 30.0 31.0 
Semisplint,© per cent... 39.0 eile 23:0 


? Size 2 X 0 in, 
b Size 1/1 XK Oin. 
© Run of mine. 


When melting malleable iron with pulverized coal any varia- 
tion in the moisture, ash, and sulphur content of the coal is re- 
flected in longer melting time, which results in increased labor 
and supply costs, thus increasing the cost of manufacture. If the 
sulphur becomes too high the metal may be lost entirely. A 
uniformly high temperature must be maintained with nearly 
constant CO.-CO ratio in the furnace, which means that the 
coal must have a uniform Btu content and be fed at a constant 
rate. Variations in the ash and moisture content change the rate 
of delivery of heat to the furnace. 

Variation in coal quality causes just as much trouble for the 
steam-coal consumer as it does for the by-product and metal- 
lurgical user. In addition to this the steam-coal consumer is 
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TABLE 3 EFFECT OF MOISTURE, ASH, AND SIZE VARIATION ON EVAPO- 
RATION, EFFICIENCY AND COAL COST, BURNING CEDAR GROVE SEAM 
(2 X 0-IN.) SCREENINGS ON MULTIPLE-RETORT STOKERS?4 


Coal 
cost 
Evapora- along- 
Fines tion side 
Mois- i, X from plant Burning Ash, 
ture, Ash, Btu as 0 in. and at Efficiency, per ton, rate, lb lb per 
percent percent received per cent 212 F percent dollars per hr 24 br 
3.0 6.0 13875 25 10.7 75.0 5.50 40 10750 
6.0 6.0 13420 25 10.3 74.8 5.71 41 11160 
6.0 9.0 12975 40 9.7 73.0 6.07 44 12000 


* Load = 200 per cent rated capacity; 
40 lb per sq ft grate per hr. 


very much interested in a uniform size consist. The steam-coal 
consumer should have every consideration by the commercial 
shipper for he pays just as much for his coal in normal times (and 
often more) than the coke-oven operator. 

Tests show that a variation of 1 per cent in ash content of coal 
from the same mine of the same size on the same boiler, under the 
same load, equipped with underfeed or chain-grate stokers, alters 
the boiler efficiency from 0.10 to 0.60 per cent in efficiency with 
an average of 0.34 per cent. A variation of 3 per cent ash in the 
same coal, which is common today, means a Btu variation of 
about 450 for a high-rank bituminous coal. The same variation 
in Btu occurs with a corresponding variation in the moisture con- 
tent as occurs with a variation in ash content. One per cent of 
moisture or ash reduces the Btu value by 1 per cent. 

Free or surface moisture up to about 5 per cent may actually 
result in an increase in boiler efficiency where chain-grate or un- 
derfeed stokers are the firing equipment. Free moisture always 
results in a lower burning efficiency where boilers are pulverized- 
coal-fired. 

Variation in the size consist of coal on stoker fuel beds for coal 
from the same mine may cause a variation of from 1.5 to 2.5 per 
cent in burning efficiency for a coking coal. If the ash and mois- 
ture increase as the size decreases there is a much greater varia- 
tion in efficiency. Table 3 shows the effect on coal costs of 
variations in ash, moisture, and size consist of a Cedar Grove 
seam coal. 

Table 3 is based on an average industrial stoker-fired boiler 
plant in Detroit which normally burns District No. 8 Southern 
high-volatile coal. An increase of 3 per cent moisturg alone 
increases the coal cost by 21 cents per ton. An increase of 3 
per cent ash, plus 3 per cent moisture, and 15 per cent in 
the (1/, X 0 in.) fines increases the coal cost by 57 cents 
per ton. These figures are not generally appreciated by the 
coal operator. The table shows that considerable investment 
could be made by an operator for washing and blending coal for 
this market if he had variations in quality and size shown in the 
table. In this particular coal increases in.ash content and lower 
ash-softening temperature occurwith anincrease in the percentage 
of (!/, X 0 in.) fines. Table 3 also shows the increased burning 
rate which follows an increase of moisture or ash which may mean 
a steam failure if the stoker is running wide open. It also shows 
the greater amount of ash which must be handled because of in- 
creases in ash and burning rate. 

Variations in the fusing point of the coal ash are troublesome 
in steam generation. The suitability or the market for a certain 
coal is limited to a rather narrow fusing-point range. In the 
case of the Cedar Grove coals of Table 2 a much wider range of 
markets is available if they are properly blended because of the 
ash-fusing and coking characteristics. The upper Cedar Grove 
coals, if loaded separately, give good results in wet-bottom pul- 
verized-coal-fired furnaces and on side-dump stokers and dead- 
plate types where the ash is removed in the form of clinker. 
However, in its fusing range this coal is in competition with 
large tonnages of low-fusing-ash coals on lower freight rates. 


burning rate 5600 lb, 13,875-Btu coal per hr, or 


The lower Cedar Grove is limited to high-fusing applications and 
to larger stokers carrying heavy loads, where its stronger coking 
feature is not a factor. Blending produces a coal of 2500 deg 
ash-softening temperature which meets the specification of the 
high-fusion customer and permits the coal to satisfy much of the 
lower-fusing-ash and less strongly coking market. 

Domestic coals are generally sold on appearance and physical 
structure with chemical quality taking a secondary role. Blend- 
ing out variations in color and structure will eliminate dealer 
complaints and rebates. Mines having pillar sections which 
have been under pressure, or hand- and machine-loading sec- 
tions, can make excellent use of blending for the domestic market. 
In the case of the Cedar Grove coals or other mines loading two 
seams together, careful blending must be practiced to avoid hay- 
ing two grades of coal of the same size selling at different prices 
at the same mine. If not carefully blended they should be loaded 
separately. 


MeruHops oF BLENDING 


Blending at a mine is generally done by one of three methods or 
combinations of two or more of these methods, namely, (1) layer 
loading, (2) dumping mine cars of one grade of coal in definite 
ratios with cars of another grade, and (3) bymeansof bins. Blend- 
ing at the face of two or more benches of coal in the seam having 
different analyses could be done fairly well in hand loading but 
is not practical with mechanical loading. Machine cuttings 
could be fairly well distributed over the day when hand loading, 
but this procedure does not seem to be feasible with machine 
loading. \ 

Layer loading is a procedure for placing coal in railroad cars 
in horizontal layers by shuttling from one to six railroad cars, 
hooked together, past the loading boom two or three or more 
times by means of a combination hoist and car retarder. It will 
smooth out many of the variations in moisture, structure, and 
chemical quality which occur in different sections of a mine. It 
is effective also in minimizing segregation of coarse and fine coal 
when loading nut and slack, or run-of-mine or resultant sizes. 
It is also effective in reducing the amount of breakage in loading 
domestic sizes. Fig. 2 is a chart prepared by Castanoli® showing 
a comparison of layer and conventional loading. Care should be 
taken to hook together enough railroad cars to accommodate the 
various sections of the mine. For a mine loading two seams of 
coal at a rate of 300 tons per hr of which one seam supplies 200 
tons per hr, loading 15 per cent lump, 20 per cent egg, 15 per cent 
stove, and 50 per cent nut and slack, then at least 3 cars should 
be hooked together on the nut and slack track, while only one car 
on the lump, egg, and stove tracks might be sufficient. 

Layer loading will not always eliminate size variations and de- 
pends on trips coming out of the mine in a systematic and regu- 
lar routine which is not always possible. It has been most effec- 
tive in loading domestic sizes of unwashed coal. It may result 
in too many partly loaded cars which may be finished out by 


3 “‘Tayer Loading,” by A. F. Castanoli, American Mining Congress, 
Washington, D. C., 1935, p. 270. 
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CONVENTIONAL LAYER-LOADED 
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conventional loading. Many operators look upon layer loading 
as a means of reducing breakage rather than a means of blending 
but the blending possibilities are greater than generally realized 
in older mines which do not justify more expensive equipment. 

Dumping mine cars of one grade of coal in definite ratios with 
cars of another grade is used effectively at many mines. It is 
often employed where coal washers have been installed without 
blending bins. It is used in the Pocahontas field when loading 
two different seams through a common washing plant. It is 
used in the Elkhorn field for blending hand-loaded (low-ash) and 
Joy-loaded (high-ash) coal for a common washing plant. It is 
used in eastern Ohio for blending strip and deep-mine coal for a 
common washer. When there are great differences in the wash- 
ing characteristics, as at a southern Illinois mine loading the No. 
5 and No. 6 sizes through the same plant, one seam is loaded on 
one shift and the other on the second shift. The washer is ad- 
justed at different gravities for each seam. Partly loaded cars 
are pulled back through the tipple and held for the next day by 
the railroad. ; 

Loading mine cars in definite ratios requires extra mine cars and 
may slow up production. It requires a special track layout and 
dumping equipment. It is usually impractical in older mines or 
where there may be three or four or more different grades of coal 
loaded over the same tipple. 

The necessity for a uniform feed to a coal washer is something 
the operator sees and understands more clearly than the necessity 
for a uniform product for the consumer. Therefore it may be 
assumed that coal washing will bring much greater uniformity to 
the consumer than the washer itself will provide by gravity con- 
centration. 

Storing different grades of coal in bins would be the ideal 
system of blending if it were not for segregation and breakage of 
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LaYER Loapines Versus CoNvENTIONAL LOADING 


the coal in bins. Anyone interested im blending coal should read 
the paper on this subject by David R. Mitchell* and discussion by 
E. W. Davis.5 

Blending through bins would seem to be impractiesl for do- 
mestic sizes of soft semibituminous coal om account of breakage. 
For most bituminous coals it is practical and many mimes are 
storing and blending the run-of-mine eoal. Bins af southern 
West Virginia mines sometimes serve a dual purpose; two grades 
or seams are either loaded separately or blended together depend- 
ing on the specifications or uses of the consumer. This feature 
increases the market range of a mine. 

Bins provide considerable flexibility im mining operations as 
well as continuous operation of the preparation plant. At one 
mine (perhaps more) two shifts are worked im the mine while the 
preparation plant operates one shift. 

The number of bins to employ for a blending job and their size 
must be carefully determined after all of the quality variations 
have been carefully determined by analysis as well ss the de- 
sired product uniformity. For commercial mines, variations in 
moisture, volatile matter, ash, sulphur, Btu coking properties, 
and ash-softening temperature are all very important. 

One large bin will do the job if proper mixing is assured and 
segregation eliminated by correct stocking and reclaiming meth- 
ods such as outlined by Boynton® later in this paper. 

For smaller mines and old mimes where expensive equipment 
is not justified a number of small bins equal to the numbers of 


4 “Segregation in the Handling of Coal,” by David R.. Mitehell, 
Trans. A.I.M.E., vol. 130, 1938, pp. 107-128. 

5 Discussion of reference (4), by E. W. Davis, Trans. A.I.M.E., vol. 
180, 1938, pp. 134-142. 

* ‘Notes on Bedding Practice, 
& Company, Chicago, Ill. 


” by A. J. Boyntom, A. J. Beyntom 
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TABLE 4 RESULT OF BLENDING TWO LOW-VOLATILE COALS 
ON ASH-SOFTENING TEMPERATURE 


LOO MericentiCoal AS... sewn om, siete 
100 percent Coal Biv... eee ees 
25 per cent A—75 per cent B....... 
50 per cent A—50 per cent B....... 
75 per cent A—25 per cent B....... 


grades of coal produced might be the best solution. Smaller 
bins are subject to less breakage and size segregation than larger 
ones. The smaller bins should be cubical or cylindrical and 
equipped with baffles, as recommended by Davis,® in order to 
minimize segregation of sizes. Blending bins must be kept full 
or nearly full by stocking and reclaiming simultaneously if they 
are to be efficient. 

The new Geneva mine in Utah supplying coal for the Columbia 
Steel Company is designed for 10,000 tons of coal per day. The 
coal is crushed to minus 3 in. and stored in 16 blending bins. 
These are used to give a uniform product as the coal comes 
from different portions of the mine. 

Another steel company, producing about the same tonnage 
(12,000 tons per day), uses four large (500-ton) cylindrical bins in 
which the coal is kept at four different levels. Segregation of 
coarse and fine coal is at different stages at the four levels and 
as equal portions are taken from the four bins the effect of segre- 
gation is lessened. The feed is 4 in. X 0 in. Blending is done 
to provide a coal of uniform sulphur content. 

A commercial by-product mine in West Virginia blends No. 2 
gas and Powellton seams through bins. The No. 2 gas seam is 
crushed to 1 in. and loaded into a 700-ton reinforced-concrete bin 
with a 45-deg sloping bottom. It is filled by means of a rubber 
belt and tripper. The Powellton is loaded into a 300-ton silo 
and blended by means of a feeder into the No. 2 gas on‘a con- 
veyer belt in whatever proportion is necessary to maintain a 
required ash and sulphur content. 

At one mine in Kentucky the No. 4 and No. 7 Hazard seams 
are about 70 ft apart. They are loaded over the same tipple which 
is a very old wooden structure. Block, egg, stove, and nut and 
slack are loaded. It was found several years ago that this coal 
could not be sold at a good market price without blending owing 
to differences in ash-softening temperature and coking properties. 
Both seams are low in ash and with hand loading a washer is 
not required. There was room for only one small bin (70 tons) 
for the No. 7 steam. By keeping a steady flow of No. 4 seam 
coal to the tipple and feeding No. 7 from the bin into it in the 
ratio in which it is mined a uniform product is loaded. This is 
an example of what may be done at a small tonnage (1000 tons 
per day) mine. Layer loading was tried here and was found to 
be unsatisfactory. There is no appreciable segregation or 
breakage at this plant. 

A mine in West Virginia, mining the Island Creek and Chilton 
seams, loads the Chilton into a 500-ton bin sloping 45 deg from 
each end toward the center, equipped with double feeders. The 
bin is loaded from drop-bottom mine cars. The Chilton is either 
blended into the Island Creek for steam and domestic use or 
loaded separately for by-product use. Blending is used here to 
prepare a coal of more uniform sulphur and ash-softening tem- 
perature and for preparing a better stoker coal. 

Another mine has blended the Alma and Eagle seams through 
small hillside-type bins for several years for the purpose of mak- 
ing a satisfactory stoker coal. Recently large bins (200 tons) of 
another design have been installed to care for larger capacity. 
This plant reports very little breakage loading through the bins. 
Lump, egg, stove, nut, stoker, and slack are loaded. 

A mine in Virginia loading the Marker and Taggert beds at the 
same plant load each seam separately in the plus 2-in. size. The 


Ash-softening 


Ash, temperature, 
per cent deg F 
Bs cee 8.3 2650 
Bir Ya0 5.3 2500 
Siena a Tak 2510 
Bs diol 6.8 2380 
« oegete 6.0 2300 


coals are low in ash content and are not washed. The (2-in. X 
10-mesh) size is binned in two 100-ton cylindrical steel bins (one 
bin for each seam) and blended as loaded from the bins by ad- 
justable feeders. Blending is controlled by chemical analysis. 
This mine produces about 1800 tons per day. Another feature 
of this plant is that a high-grade stoker coal is produced by blend- 
ing through two 100-ton bins a high-ash high-ash-fusing coal (not 
marketable itself) with a low-ash low-fusing-ash coal. Feeders 
are adjusted according to chemical analyses of regular routine 
sampling. This stoker coal is of premium grade. 

A very large mine in Illinois, perhaps the largest commercial 
mine in the world, has had an elaborate blending plant for nut 
and slack sizes for years. The plant is designed to produce 
stoker coals of nearly constant size consist and uniform quality. 
The management has recently installed washers to reduce the 
ash and sulphur content of No. 6 bed coal. 

It is common practice in many mines to wash coal in the size 
range of (5 in. X 1/,in.). In one operation the resultant (!/; X 
0-in.) pulverizer runs 8 per cent ash in part of the feed and 12 per 
cent ash in another part. Unless the 12 per cent ash coal is 
mechanically cleaned it would be folly to load all of the (4/, x 0 
in.) into a common bin and worse still to blend it back as mined 
into the washed nut coal on a conveyer. There is a difference of 
600 Btu between the 8 per cent and 12 per cent ash coal which 
amounts to about 20 cents per ton in the market. If blended 
through two bins with a resultant 10 per cent ash coal it is doubt- 
ful if mechanical cleaning would be necessary. 

The fusing point of ash of the resultant blend of two or more 
grades of coal cannot be accurately predicted. Tests must be 
made before blending to determine this feature. Table 4 shows 
the result of blending two low-volatile coals for lake shipment on 
the ash-softening temperature. Serious clinker trouble devel- 
oped from this shipment at a plant in Minneapolis where either 
coal by itself had previously proved satisfactory. 


Bin Design 


Fig. 3 shows roughly the “hillside” type bin. This is the 
cheapest and simplest type of bin where coal beds outcrop on 
mountainsides. It is subject to more segregation of sizes and 
breakage than any other type per cubic foot of capacity because 
its length permits more time for rolling friction. The movement 
of coal in this type bin is similar to the movement down the side 
of a conical storage pile. Like all bins, it should be kept as full as 
possible at all times. 

An improvement of the hillside-type bin is the twin sloping- 
end bin, Fig. 4, used a great deal in southern West Virginia, 
where two seams of coal are loaded over the same preparation 
plant. It is usually loaded from drop-bottom mine cars. After 
it is once filled it can be loaded with a small amount of segregation 
and breakage according to reports from the field. It is usually 
constructed of wood for tonnages from 100 to 200 tons. The 
sloping bottom is covered with sheet metal. The slope is usually 
about 45 deg. 

Another common type of bin is the silo, constructed of mono- 
lithie reinforced concrete or concrete staves, tongued and grooved. 
It is reported to be cheaper than wood bins in capacities ranging 
from 500 to 1000 tons. One operator uses this type bin equipped 
with ladders for lowering mine-run coal into the bin for reducing 
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breakage. There is a great deal of segregation of sizes in removing 
coal from a silo even if it is placed in the silo without segregation 
but some form of ladder or avalanche chute will reduce the 
amount of segregation and breakage. A spiral chute has little 
value. 

The author visited about twenty coal-preparation plants in 
1943, investigating methods of storing and blending through bins. 
All bins examined were subject to considerable size segregation, 
particularly where mine-run or resultant sizes of coal were binned. 
This means considerable variation in the quality of the coal as 
well as overloading and blinding of screens, just the drawbacks 
which the blending was intended to prevent. In many cases, 
however, there was a decided improvement in quality and uni- 
formity of product as compared to loading directly from mine 
cars to the screens or washer. 

Metallurgical engineers have had a great deal more experience 
in blending raw materials than coal-preparation engineers. 
They use the term “bedding”’ instead of “blending” for averaging 
the composition and quality of raw materials so that a uniform 
product may be reclaimed. The term “bedding”’ results from the 
methods of piling ore in beds in layers such as the Robins- 
Messiter system. 


Noves BY Boynron® on “BEppING”’ Coan 


A. J. Boynton,® metallurgical engineer, has written some in- 
teresting notes on bedding, with reference to coal, and gives 
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sketches illustrating bin design for eliminating many of the bad 
features of present bins. The following notes and sketches are 
by Boynton: : 

Enough experience has by this time been made public to show 
that averaging the composition and qualities of metallurgical raw 
materials by bedding confers a major technical benefit. The 
practical question which confronts the engineer is how to secure 
this benefit at the least cost. 

The scale of the bedding operation may vary in two principal 
respects. One of these is the rate at which material is bedded and 
reclaimed and the other is the size of the bedding unit. 

It is desirable that the contents of a bed shall include all the 
variations which are known to be likely to occur, provided these 
variations will presumably show themselves within a tonnage or 
interval of time small enough to permit inclusion in one bed. 

Where the rate of use is high and the material flows freely, 
gravity handling through a bin is worthy of attention. 

A complete averaging of quality by bedding may be considered 
as depending on the number of samples simultaneously taken 
in the reclaiming process as well as the number of tons in the 
bed. 

Long piles and large bedding units obtained by lengthening 
the pile increase the probability that all the variations in compo- 
sition of the materials are represented in the bed but do not in- 
crease the number of samples represented in the reclaimed cross 
section. The ideal bedding form would be one in which the three 
dimensions are as nearly equal as possible. 

Many variations have characterized the construction and 
scheme of operation of bins built and used for bedding. Of these 
the least effective is the combination of silos. . . due to the 
failure to mix accurately and effectively by the acts of stocking 
and reclaiming. 

Reclamation by gravity from a bin is preferably carried out by 
vertical flow of the material. This can only be carried out by 
simultaneous withdrawal of material from end to end of the bin 
at an equal rate for each unit of its length. ... If bedding is carried 
out along an inclined plane extending the length of the bin, with 
the angle of deposition less than the angle of repose, a system 
will exist which has the following characteristics: 


1 There will be no uncorrected size segregation and bulk den- 
sity will be constant. 

2 Bedding and reclaiming may be carried out simultaneously 
and continuously in a single unit. 

3 The horizontal or sampling face will be of maximum length. 

4 The bedding unit or mass which is being sampled in re- 
claiming is twice that of the contents of the triangular section of 
the bin. 


Flow of Material in Bins. 
over the discharge opening. 

With a sufficiently large bin and a single (discharge) opening, 
the flow proceeds so that any downward movement disturbs the 
surface contour, evidence that the action sought in bedding is 
not being realized. 

By increasing the number of outlets and thereby limiting the 
horizontal cross section of the column above each outlet, it is 
feasible to bring material down through the bin in a mass and to 
cause it to move without disturbing the surfaces, Fig. 6. 

A bin as shown may have a width of about 42 ft, which means 
that each column width is 7 ft. The construction necessary to 
employ is shown in Fig. 7. This arrangement divides the bin 
into sections which are square horizontally in the same way that 
might be done by partitions, and more accurately because of 
friction of material on walls. 

Reclaiming Feeders. In order to obtain the accuracy of mrix- 
ture desirable in a bedding operation it is necessary to discharge 


Flow is at a maximum rate directly 
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used here as in Fig. 9, but a smooth inclined gliding platform is 
provided above the bed to insure uniform longitudinal distribu- 
tion. This platform has a slope somewhat greater than the 
angle of repose of the material. It distributes accurately by 
means of its shape. Transverse distribution is by means of belt 
and tripper. The bedding angle is a little less than the angle of 
repose in order to prevent segregation down the slope. 

The rate of flow of material down the slope may be regulated 
and prevented from becoming too rapid, particularly with respect 
to lumps, by chains or drag gates suspended across the slope. 


SURFACE OF BEDDED MATERIAL 


AREA OF MASS MOVEMENT 


Such an installation should include a mechanical sampling 
plant in connection with the reclaiming system for control of the 
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Fic. 6 Iprarizep Cross Section oF BEDDING BIN operation. : ‘ 
(Boynton, reference 6, Fig. 21.) Storage. A continuous bedding bin provides no storage in the 


Fic. 7 Brin Construction, ELEVATION SECTION 
(Boynton, reference 6, Figs. 22 


Fig. 9 Svar-Typr FeepER, ELEVATION SECTION 
(Boynton, reference 6, Fig. 28A) 


Fie. 8 Bin-ConsrructTion PLAN 
(Boynton, reference 6, Figs. 24 and 25.) 


\ not only in equal amounts per unit of length from end to end of the 
bin, but to discharge at a given rate per unit of time, continuously 
and regularly rather than intermittently. An intermittent dis- 
charge will not load the reclaiming conveyer uniformly, and an 
accurate means of composition will not be secured. 

The feeder suited to accomplish these objectives is a modifica- 
tion of the star feeder shown in Fig. 8. 

The feeder motors are arranged for variable speed. In the 
case of large bins (more than one shaft), the motors are electri- 
cally synchronized. One control will regulate the speed of all 
sections. 

Longitudinal Bedding Bin. Tf a bedding bin of the shape 
shown in Fig. 9 isused, it is necessary to distribute the material 
lengthwise, by means of a conveyer and tripper working on an 
angle on the slope. For this bin (42 ft wide) two distributing 
conveyers are used. 

Transverse Bedding Bin. The alternative form in which mate- é 
rial is distributed down the slope by gravity in a bin is shown in Fia. 10 Srar-Type Freeper, Puan View 


= : é 3 A ei c 5 Capacity, 5000 tons; bedding unit, 10,000 tons. Boynton, reference 6, 
Fig. 10. No mechanical means of longitudinal distribution is Ps oN . erig. 28B.) 
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LONCITUDINAL BEDDING 
1. MAIN CONVEYOR 
2 SPLITTER. 
3.BEDDING BELTS. 
4. FEEDERS. 
5.RECLAIMING BELT. 


Fra. 11 


ordinary sense of the word. The bin remains full at all times. In 
any bedding system the amount reclaimed must be replaced 
continuously. 

Economy. We estimate the cost of the bin shown in Fig. 10 
to be $410,000. It has a handling capacity of 10,000 tons per 8 
hr, and a bedding unit of the same size. It will handle 3,000,000 
tons of coal in 300 days of 8 hr each, and the fixed charges at 12.5 
per cent amount to $0.0171 per ton of coal handled. Two men 
form a crew for bedding and reclaiming operations. 

Conclusions. We believe that the bedding and reclaiming 
operations for material such as coal, if required to be done at a 
rate of 250 tons per hr or more, are most economically carried on 
by means of a bin system. Where the circumstances of opera- 
tion are adapted to continuous bedding, the system shown in 
Fig. 10 costs less to build and gives lowest over-all cost. It will 
produce a uniformity which with any considerable variation 
in the material (coal) will be worth much more than it costs. 
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TRANSVERSE BEDDING 
|. MAIN CONVEYOR,WHICH ALSO DISTRIBUTES, 
2.STANDARD TRIPPER. 
3. CONCRETE DISTRIBUTING SLOPES 
4, FEEDERS. 
5.RECLAIMING BELT. 


Isomerric Vibws oF Bins ror (A) LONGITUDINAL BEDDING AND (B) TRANSVERSE BEDDING 


CoMBINATION BrppiInGc Mretuops Usrp 


The new Robena mine of the H. C. Frick Coke Company 
blends high- and low-sulphur coal by a combination of methods. 
Coal from high- and low-sulphur sections of the mine which are 
controlled by face sampling, are mixed by dumping mine cars 
in definite ratios. Next the coal is screened and the larger 
heavier pieces of refuse removed on a picking table. The coal is 
then crushed to 3 in. and bedded by means of a belt and tripper in 
an 18,000-ton horizontal bin of 168 compartments before going 
to the washing plant. The compartments are 71/2 ft wide X 
11 ftlong X 56ftdeep. Note thé relatively small cross-sectional 
area. 

It would appear to be advisable at a commercial mine where 
domestic sizes are loaded to separate the lump (plus 5-in. to 7-in. 
size) by screening and blend it by layer loading, or to blend at 
the dumping point rather than through bedding bins. 


Jenition Through Fuel Beds on Traveling- 
or Chain-Grate Stokers 


By E. P. CARMAN? ano W. T. REID* 


Within recent times as part of its exhaustive studies on 
the burning of solid fuels on grates, the Bureau of Mines 
has investigated the factors affecting the burning of fuels 
on the cross-feed principle. Small-scale laboratory 
experiments, where the many variables could be closely 
controlled, have furnished information on the behavior 
of various fuels on traveling-grate stokers. Out of the 
wide range of results obtained, the present paper is limited 
generally to the study of ignition travel through a fuel bed 
and to important factors affecting it. Later reports will 
cover other phases of the investigation. 


INCE its inception, the Bureau of Mines has made many 
studies of the fundamentals affecting the burning of solid 
fuels on grates, beginning with the early investigations by 

Kreisinger* and his co-workers on the principles of overfeed 
combustion and continuing with the work of Nicholls® on under- 
feed burning processes. As a natural development, the factors 
affecting the burning of fuels on the cross-feed principle have 
been investigated more recently. This study furnished im- 
portant information on the behavior of various fuels on traveling- 
grate stokers and was conducted in relatively small-scale labora- 
tory apparatus where the many variables involved were subject 
to close control. 

Initial ignition of the surface of the fuel bed by heat transferred 
by radiation, including determination of the absolute radiant 
heat received by the fuel, the travel of ignition through the bed, 
and burning after ignition reaches the grate have been studied. 
The. resistance of the fuel beds to the flow of air has been meas- 
ured, and its effects have been analyzed. Records have been 


obtained of the temperatures of experimental fuel beds and 


grates, and the factors that influence these temperatures have 
been determined. The effects of water tempering and of a 
limited number of chemical treatments also have been studied, 
and tests of a coal prepared with varying ash content have given 
data on the effect of ash on initial ignition, on the rate of ignition 
travel through the bed, and on burning rates. Measurements 
have been made of the effect of preheating primary air and of 
using secondary air, and relative smoke densities were determined 
for a wide variation in fuels and test conditions. 

The large number of variables studied cannot be presented 
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adequately in a single paper; consequently, this report will be 
limited generally to the study of ignition travel through a fuel 
bed and to important factors affecting it, and later reports will 
cover other phases of this investigation. 


TyprEs oF Fury Beps 


The type of burning in a fuel bed is determined by the relative 
direction of flow of fuel and air, as described by Nicholls.6 In 
overfeed beds, Fig. 1, the fuel and air travel in opposite direc- 
tions; and, assuming a “plane of ignition” where the incoming 
fuel becomes heated to the ignition point, this plane will travel 
through the unignited portion of the bed in the same direction 
as the air. Usually in this type bed, the fuel is fed from the top, 
the air enters at the bottom and travels up through the bed, and 
the plane of ignition moves upward with the air and the products 
of combustion into the green fuel. 


Ignition plane 
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Fic. 2 DiacramMMAtic UNRESTRICTED-IGNITION UNDERFEED FUEL 
Bep 


In underfeed beds, Fig. 2, the fuel and air travel in the same 
direction, while the plane of ignition moves in the opposite direc- 
tion. Usually the fuel and air are fed from the bottom and 
move upward while the plane of ignition moves downward, but in 
the downdraft furnace these directions are reversed. 

In a pure cross-feed bed, Fig. 3, the fuel would move across 
the air stream at substantially a right angle, and the plane of 
ignition would move in the opposite direction into the incoming 
green fuel. With the traveling-grate stoker, Fig. 4, however, 
ignition occurs across the top of the incoming fuel, either by 
radiant heat, conduction from hot gases, or by deposition of 
ignited fuel blown from the rear, and the ignition plane travels 
in a direction nearly opposite to that of the air flow. Therefore, 
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during the length U, up to the point where the ignition plane 
touches the grate, the burning is essentially underfeed. After 
ignition reaches the grate and following a short change-over 
period, that is, during travel through length O, the burning is 
cross-feed, or overfeed which is similar when the plane of igni- 
tion is not involved. The traveling-grate stoker is quite com- 
monly referred to as a type of overfeed stoker, but fundamentally 
the fuel is igniting and burning essentially underfeed during a 
considerable portion of the length of the bed, since volatile prod- 
ucts evolved at the ignition plane must travel through ignited 
fuel to reach the combustion chamber. 


OTHER INVESTIGATIONS 


Many attempts have been made to determine ignition and 
burning rates in traveling-grate fuel beds, but many difficulties 
are involved in studying moving beds. One of the most interest- 
ing attempts was made by J. D. Maughan and reported by E. 8. 
Grumell.® In these tests a removable grid was fed into a travel- 
ing-grate stoker along with a regular fuel bed, and when the grid 
and fuel had been completely fed into the furnace, the grid was 
quickly removed and the fire quenched. Grumell and Dunningham? 
have stidied the burning of English coals on traveling-grate 
stokers in an apparatus much smaller than, but having some 
points of similarity to that used in these tests. 


DrSCRIPTION OF APPARATUS 


The apparatus used in this investigation is shown in Fig. 5 
It was designed with the view of obtaining carefully controlled, 
reproducible test conditions, in which small variations could be 
observed and their causes determined. The furnace proper was 
of welded steel construction with insulating refractory lining. 
The fuel-bed opening was 20 in. sq, and bed depths up to 10 in. 
could be used without blocking the peephole in the front wall of 
the furnace. Two interchangeable covers or hoods were used, 
and these were supported on corner posts resting on hydraulic 
jacks. One hood had six (subsequently changed to eight) 
“Glo-bar” resistor elements mounted under a carborundum 
backing plate. These Glo-bars could be heated electrically to 
2800 F and the applied voltage could be controlled very closely 
by means of variable transformers, giving smooth variation of 
power input from 0 to 70 kw. During the heating-up period 
before the start of a test, this hood rested on a support at the side 
of the furnace, and the Glo-bars and heating surfaces were 
exposed to a water-cooled “cold box” of substantially the same 
dimensions as the furnace with fuel bed laid, the purpose being 
to duplic ate the cold furnace and fuel bed ion the standpoint 
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Iieg.4 DiaGrRaMMatTic REPRESENTATION OF FuEL Bep on A TRAVEL- 
ING-GRATE STOKER 


of heat absorption. Thus no change in temperature conditions 
in the hood occurred during the start of the test when the pre- 
viously heated hood was moved into position over the furnace. 

The other hood was refractory-lined steel, and it rested on a 
small gas-fired furnace at the side of the test furnace, where it 
was preheated before the start of the tests. When the top of 
the fuel bed was thoroughly ignited by the Glo-bar igniting hood, 
both hoods were raised, the ignition hood was returned to its 
original position, and the refractory hood was transferred to the 
test furnace for the remainder of the test. This saved the Glo- 
bars from excessive heat and contamination by ash and smoke 
during the latter part of the tests. 

In most tests only primary or undergrate air was used, and 
this was supplied by a fan capable of delivering up to 1000 lb of 
air per hr per sq ft of furnace area, at a static pressure of 3.7 in. 
of water. Close control of the quantity of air used was provided 
by a regulating valve, operated by a mechanism actuated by 
the pressure differential across a measuring orifice in the air line. 
By thismeans it was possible automatically to maintain a fixed 
air rate throughout a test. 

A tubular heat exchanger in the air line between the orifice 
and the furnace permitted use of preheated air in some of the 
tests. Heat was supplied by a gas burner in a refractory com- 
bustion chamber beside the heat exchanger. A mixer and air 
distributor in the ash pit insured even distribution of the pre- 
heated air at the grate. 

The furnace had a side-outlet stack which was used when the 
Glo-bar hood was over the furnace, but it was capped off when 
the refractory hood was in use, as this hood had a center stack. 
Both stacks had nipples for insertion of the Bureau’s standard 
water-cooled gas samplers, modified to take samples across the 
stack rather than only at one position near the center. Gas 
samples were collected over mercury and analyzed in a water 
Orsat. A photoelectric smoke meter was installed on the side- 
outlet stack. When this was in use, the center stack of the re- 
fractory cap was closed, and only the side stack was used. 

Initial ignition of the top of the fuel bed, the travel of ignition 
through the bed, and bed temperatures were determined by 
thermocouples inserted at vertically spaced intervals in the bed 
and connected, in order, to recording potentiometers. Observa- 
tions of initial ignition of the bed top and of bed conditions during 
the test were made through a peephole in the front wall of the 
furnace. 

In this furnace, the grate and bed were stationary. The trans- 
fer of the hot igniting hood over the fuel bed was comparable to 
emergence of the green fuel on a traveling-grate stoker into the 
furnace. Clocks were started at the time of this transfer, and 
the condition of the bed at any given elapsed time thereafter 
was comparable to the condition of a thin slice across a traveling 
bed at similar elapsed time after it entered the furnace. It was 
thus possible to follow the progress of ignition through the ‘bed 
and to determine bed temperatures by means of the thermo- 
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FUELS TESTED 


Proximate analysis as received, per cent Heat value 


, 4 Source Volatile Fixed Btu per lb, 

Classification by rank State, County, Mine, Bed Moisture matter carbon Ash as received 
High-temp coke (sized coke).......... Penna., Neville Is. Plant of Pittsburgh Coke & Iron Co. 4.2 1.4 85.0 9.4 12280 
High-temp coke (breeze) Penna., Neville Is. Plant of Pittsburgh Coke & Iron Co. Ze 1.0 86.2 10.7 12400 
FAD TNPACILO | DORIAN BICE BIZOR).< Vins <ias mE OMAN £ ion kde ees Se weld ape es «04 Genlde Oe 2.0 6.1 82.4 9.5 13290 
Anthracite, barley...................  Penna., Schuylkill (Locust Summit Breaker) 2.0 bya 81.9 10.4 13140 
Anthracite, No. 4 buckwheat......... Penna., Schuylkill (Locust Summit Breaker) 3.2 6.1 80.9 9.8 13040 
Anthracite, variable-ash: 

WA Laie agthagrel: SPL STON od bie arlene ap ae Penna., Schuylkill (St. Nicholas Breaker) 16 sib 90.4 4.5 14000 

Beet eet eM aes corsta a ish teacher Sete Penna., Schuylkill (St. Nicholas Breaker) 2.6 4.6 83.0 9.8 13010 

GT, AMUSE Re Se ete SE SET AY Penna., Schuylkill (St. Nicholas Breaker) 2.0 4.1 rien! 16.7 11980 

IBY Fm Aries Ric. rel 3h oa EOS CERT CRMERER RE ENE Penna., Schuylkill (St. Nicholas Breaker) 2.3 4.7 68.6 24.4 10680 
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couples, to note bed height by a depth gage extending through the 
refractory hood, and to determine the rate of burning from gas 
samples and the recorded rate of air supply. 
Furs Testep 

The fuels used in this investigation varied from high-tempera- 
ture coke and anthracite to lignite and were chosen to represent 
reasonable differences in rank, rather than from consideration of 
their commercial usefulness on traveling-grate stokers. Actually 
all of thefuels tested are burned on this type of equipment, 
although strongly coking coals usually are considered less suita- 


ble. The analysis and source of each fuel tested are shown 
in Table 1. 
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As was shown in Fig. 4, the direction of ignition travel through 
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the bed in traveling-grate stokers is substantially opposite to 
that of the air and the products of combustion, resulting in 
essentially unrestricted underfeed ignition. As noted in a pre- 
vious bulletin,® ignition and burning rates in beds of this type 
reach a maximum at some optimum air rate, with most fuels, 
after which ignition and burning rates decrease with increased 
supply of air. Consequently, above a certain point it is im- 
possible to increase the rate of ignition and of burning by increas- 
ing the air rate. This same limitation applies to the underfeed- 
ignition portion of traveling-grate fuel beds and imposes operat- 
ing limitations during the time ignition is traveling through the 
bed. This will be illustrated by the ignition curves of the various 
fuels tested, which follow later. 

Ignition ratesin fuel beds of traveling-grate stokers are affected 
by such factors as speed of “initial ignition,” or ignition of the 
top layer of fuel, moisture on the fuel, size consist of the fuel, 


1 Combustion cheeber 6 Primary air-regulating vaive 15 Racroweter, used curing initial ignition period 
2 Glo-bar igniting hood 9 Blower 1¢ Observation port 
3. Gas-heated refractory cap 10 Contact sechanis@ on hydro gauge rod 17 Gas-fired preheater for hood (3) 
4 Tubular preheater 11. Valve-operating sechanisea actuated by (10) 1€ Depth gauge 
5. weasuring orifice In primary-sie tine 12. Inlet to tubular heat exchanger from refractory-air preheating turnace 19 Smoke seter 
6. Manoseter 13 Glo-bar hood cooling box 20 Gas samplers 
7. Hydro gauge 14. Radiometer; vsed before start of test 21 Thermocouples ia Glo-bar hood 
Fic. 5 Cross Section and DIAGRAMMATIC ARRANGEMENT OF FURNACE AND AUXILIARY APPARATUS 
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temperature of primary air, and ash content of the fuel, as well 
as by change of rank of fuel. These will be discussed in the order 
given. 

Slow Initial Ignition. There are two phases in what may be 
called “igniting the bed.’ The first is initial ignition or the 
establishment of burning of the top layer of fuel, obtained either 
by radiant heat, or convection from hot gases, or from preignited 
fuel blown forward onto the entering green fuel. When ignition 
has been firmly established in the top layer and the reaction there 
has become exothermic, the second phase, “ignition through the 
bed,”’ begins. Each phase involves problems affecting traveling- 
grate-stoker operation, and it has been found that these phases 
are to some extent interdependent. 

Slow initial ignition was found to have a definite retarding 
effect on the rate of ignition travel. It was expected that slow 
ignition of the top layer of fuel would have only a very temporary 
effect and that with a fixed air rate a definite rate of ignition 
travel would be established quickly, regardless of the speed of 
initial ignition. This has not proved to be the case, however, 
with thin beds as used on traveling-grate stokers. The delaying 
effect of slow initial ignition on rate of ignition travel was pro- 
nounced in the top third or more of the bed and usually persisted 
to some degree throughout the bed. In most cases when it 
took 3 min or longer to establish an exothermic combustion 
reaction in the top layer of fuel, the rate of travel of ignition into 
the bed was much lower than in similar tests with rapid initial 
ignition, especially in the top third or half of the bed. In tests 
with slow initial ignition, the rate of ignition usually did increase 
as the plane of ignition traveled through the bed, and it appears 
probable that if the beds had been sufficiently deep, the delaying 
effect of slow initial ignition would ultimately have disappeared. 
However, in the thin fuel beds used on this type stoker, slow 
initial ignition has a definite retarding effect on the average rate 
of ignition travel. 

In the figures that follow, showing the travel of the plane of 
ignition, low: ignition-rate points from tests with slow initial ig- 
nition are indicated by the subscript S. Even! greater local 
variations in rate of ignition travel than are indicated by these 
S points may be expected when initial ignition conditions are 
allowed to vary widely, since many of the ignition rates so shown 
were taken from the bottom two thirds of the bed, where the 
retarding effects of slow initial ignition are less pronounced than 
in the upper third of the bed. 

Moisture. The effect of moisture on fuel on the rate of travel 
of the plane of ignition was determined in the tests with coke 
breeze, but with a single exception, one or more tests with each 
of the other fuels confirmed these data. 

A typical coke breeze, designated “Breeze A,’’ was made up 
from closely screened sizes of high-temperature coke by mixing 
thoroughly 4 per cent by weight of */,in. X 1/2 in., 20 per cent 
of 1/2 in. X 1/4 in., 24 per cent of 1/,in. X 1/s in., 18 per cent of 
1/,in. X 1/16 in., and 34 per cent of !/:gin. X 0. Without water 
tempering, this breeze is extremely unstable on the grate even at 
very low airrates. With varying percentages of added moisture, 
however, air rates up to 350 psf* and hr were successfully used, 
as shown in Fig. 6 (A and B). 

About 10 to 12 per cent moisture is indicated as optimum for 
a breeze of this size consist. While faster rates of ignition travel 
are obtainable for given air rates when the moisture content is 
lower, as shown by the dotted 8 per cent moisture curve, this 
drier breeze makes much less stable beds. The resultant in- 
stability is liable to lead to maldistribution of air, with conse- 
quent rapid ignition travel in some areas and slow in others, as 


* This abbreviation follows the terminology used in American 
Standard Abbreviations for Scientific and Engineering Terms and 
means pounds per square foot. 
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indicated by the low point at the 150-lb air rate for the 8 per cent 
moisture test, in which considerable bed instability was noted. 
Increase of moisture content to 16 per cent resulted in de- 
creasing rates of ignition travel for given air rates, indicating 
that optimum conditions prevailed when the moisture content 
was the least that could be used and still maintain reasonable bed 
stability. To confirm this, tests were run with beds laid with 
breeze containing 16 per cent moisture and then predried before 
the start of the test. The delaying effect of added moisture is _ 
indicated by the difference between the curve for the predried 
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beds and that for the breeze with 16 per cent moisture; ignition 
through the bed is much slower with the moist breeze. Pre- 
liminary trials indicated that the moisture content of the pre- 
dried beds would be about 1 per cent. 

Size of Fuel. With fuels larger than approximately 1/2 in. 
avg diam, an increase of ignition rate with decrease of size had 
been observed. Data from the tests with coke breeze indicated 
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that this trend might not continue into the very small sizes; 
therefore, tests were made with coke and anthracite to determine 
ignition rates for the smaller sizes. The data are shown in Fig. 7. 
Maximum rates of ignition travel were obtained with coke of 
1/,in. avg diam, and with anthracite of 3/,, in. avg diam, with a 
slight variation indicated for variation of air rate. Some of the 
decrease in ignition rate for sizes below the optimum must be 
ascribed to the effects of increased tempering moisture needed 
to give bed stability, but since such tempering is necessary, it is 
the over-all effect that is significant. The sharp drop in ignition 
rate below the optimum size indicates possibilities of operating 
difficulties due to slow rates of ignition with small sizes of coke 
and anthracite, effects that are entirely independent of the 
physical difficulties of maintaining relatively uniform and stable 
beds. 
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This decrease of ignition rate with decrease of size below an 
optimum value was noted with high-temperature coke, the 
higher-rank coals, and lignite but was not found with high-volatile 
C bituminous coal nor with the subbituminous B coal. 

Preheated Primary Air. Preheated primary air was used with 


_ beds of St. Nicholas barley anthracite and gave materially 


increased rates of ignition, the increase being almost linearly 
proportional to the amount of preheat used. In the first tests, 
both air and fuel were heated to the desired temperature before 
initial ignition to eliminate effects of variable heating of the fuel 
as the test proceeded. Fig. 8 illustrates the effects of preheat in 
increasing ignition rates under these test conditions. Although 
there was substantial increase of the rate of ignition at the 50-lb 
air rate, there was a much greater increase proportionately at 
the 200-lb air rate, and at still higher air rates extremely rapid 
ignition was obtained by mechanical mixing of ignited and 
unignited fuel in ‘‘boiling’’ beds. The proportional increase of 
ignition rate over the rate with air and fuel at approximately 
80 F is shown in Fig. 9. With the 50-lb air rate, and fuel and 
air preheated to 240’F, an increase of only 11 per cent in ignition 
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rate is obtained; whereas with the 200-lb air rate, the increase 
in ignition rate over that obtained at 80 F was 35 per cent. 
Increase in rate of ignition with preheated primary air was 
therefore much more pronounced at high than at low air rates. 
In subsequent tests simulating actual traveling-grate-stoker 
operation, where cold fuel is fed into the preheated air stream, 
the tests were started with a cold bed. In these tests with beds 
4 in. thick, the ignition plane traveled downward through the 
top 2 in. of fuel at an average rate only slightly greater than that 
obtained without preheat; whereas in the bottom 2 in, the 
ignition rate approached that obtained when both coal and air 
were at preheat temperature. The fundamental curves obtained 
with air and coal at room temperature, and with both at preheat 
temperature give therefore the minimum and maximum 
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limits, respectively, of the varying rate of ignition travel through 
fuel beds on traveling-grate stokers supplied with preheated air. 

Variable Ash Content. Variation of ash content has a pro- 
nounced effect upon the rate of ignition of anthracite, as shown 
in Fig. 10. A special batch of St. Nicholas rice anthracite was 
separated by the float-and-sink process into fractions containing 
4.6, 10.0, 17.0, 25.0, and 82.2 per cent ash, as shown on the mois- 
ture-free basis, Table 2. 


TABLE 2 CHARACTERISTICS OF BATCH OF ST. NICHOLAS 
RICE ANTHRACITE 
Fraction designation......... A B Cc D E 
Ash, moisture-free basis...... 4.6 10.0 17.0 25.0 82.2 
Moisture- and ash-free: 
Volatile matter............ 3.7 5.2 5.0 6.4 
Wixed ‘carbons tx..'4 ss ames 96.3 94.8 95.0 93.6 


The four fractions A, B, C, and D, Table 2, were tested first, 
giving the four upper curves in Fig. 10. The results were suffi- 
ciently interesting to justify preparation of higher-ash batches by 
appropriate mixtures of D and E fractions to give blends con- 
taining 40, 55, and 70 per cent ash. 

Three definite effects of increase in the ash content of anthracite 
were found. The first was a decrease in ignition rate at all 
air rates. The second was a decrease in the range of air rates 
‘giving high ignition rates. The third was a decrease in the 
optimum air rate giving maximum ignition rate. For example, 
at an air rate of 200 psf and hr, the anthracite containing 25 
per cent ash ignited at only 43.8 psf and hr of combustible, com- 
pared to 61.8 lb for the lowest-ash coal, a ratio of approximately 
0.7:1.0. With the low-ash coal, however, at 200 lb, the ignition 
curve was still rising rapidly, and increase of air rate up to 325 
lb gave increasing ignition rates, whereas for the 25 per cent ash 
coal the 200-lb air rate was the optimum. 

The limitations of air rate with increase of ash content have 
even greater significance. An ignition rate of 40 psf and hr or 
more of combustible can be obtained with the 25 per cent ash 
coal only with air rates between about 125 and 290 psf and hr, 
but with the 17 per cent ash coal, a range of about 100 to 425 lb 
can be used, and with the 4.6 per cent ash coal, a range of 60 to 
600 lb can be used. Low ash content is therefore a definite aid 
to stoker operation, in so far as rapid bed ignition and ability to 
use a wide range of air rates are concerned. 

However, other factors affect stoker operation, and, to avoid 
a misleading picture, it is necessary to analyze not only the 
ignition data but the burning data for these tests of anthracite 
with variable ash content. A series of curves was drawn showing 
burning rates throughout the tests for various air rates, similar 
to those shown in Fig. 11 for the 200-lb air rates. These curves 
were corrected for slight differences in initial ignition conditions 
and were not extended beyond a 5-lb burning rate; then the areas 
under the curves were measured by a planimeter. The burning 
was underfeed before ignition had reached the grate (as indicated 
by the vertical lines on the curves between 22 and 26 min elapsed 
time), and was overfeed after ignition to the grate. Beds 4 in. 
thick were used in all tests. 

Average burning rates were calculated from the areas of the 
curves and are shown in Fig. 12, as a function of primary-air 
rate. Up toa350-lb primary-air rate, there was relatively little 
difference in over-all average burning rate between the 4.6, 10, 
and 17 per cent ash coals. For ash contents exceeding 17 per 
cent, a sharp drop in average burning rate with increase of ash 
was indicated, especially at the higher air rates. 

Although the lower-ash coals had much higher rates of ignition 
travel than those with higher ash content, rates of burning were 
not substantially affected by variation of ash up to 17 per cent. 
As shown in Fig. 11, the lowest-ash coal developed a higher rate 
of underfeed burning than the others and started to develop a 
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higher overfeed-burning rate, but as the coal burned down and 
the pieces became smaller and the bed thinner, with little ash to 
impart stability and depth, blowholes and maldistribution of 
air developed and adversely affected the burning rates. The 
same conditions, but to a lesser degree, prevailed with the 10 
per cent ash coal. As a result, the over-all average burning 
rates were very close for the three lowest-ash coals up to primary- 
air rates of 350 lb, despite rather distinct differences in ignition 
rate, as shown in Fig. 12, There was a substantial decrease in 
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both ignition and burning rates with increase of ash above 
17 per cent. 
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High-Temperature Coke. High-temperature coke was used in 
the early tests as the most convenient fuel for investigating 
principles of burning, since it is free-burning and smokeless, 
and the gas analyses are relatively simple. Fig. 13 (A) shows 
rate of ignition travel, in inches per hour, in beds of high-tempera- 
ture coke, and Fig. 13 (B) shows rate of ignition in pounds of 
combustible per square foot and hour. Beds 6 in. thick were 
used in the tests plotted. 2 

There is a fairly regular increase of ignition rate with decrease 
of size down to 1/2 in. X !/,in., but relatively less change below 
this. In addition, there is an increase in the optimum air rate 
for maximum ignition rate as the size decreases. This means 
that not only will decrease of average size of piece, within certain 
limits, give faster rates of ignition for a given air rate, but also 
that higher air rates can be used to increase rate of ignition travel. 

Increasing the air rate above that which gives the maximum 
rate of ignition causes a rapid decrease of ignition rate with 
high-temperature coke, as may be noted from the curves for the 
l-in. X #/,-in. size. Increasing the air rate by only about 120 
psf and hr above the optimum amount results in stopping ignition 
of the fuel completely. If part of the bed ignites because of a 
temporarily low air rate, increasing the air rate to 350 lb will 
stop further ignition because the fuel will not burn at a rate 
high enough to ignite more fuel. 

In tests where initial ignition was rapid, that is, occurring in 
less than 3 min, ignition traveled through the bed at a constant 
With slow initial ignition, however, the rate varied from 
relatively very slow to approaching that obtained with rapid 
initial ignition. 

Coke Breeze. Curves of ignition rates for a typical coke 
breeze, Breeze A, were given in Fig. 6. Two observations re- 
garding the use of this coke breeze should be noted as follows: 

1 It was not found possible to go to air rates high enough 
to reach or exceed the maximum rate of ignition travel, as higher 
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air rates than those used blew the bed off the grates. In prac- 
tical operation therefore with breezes of size consist similar to 
Breeze A, the maximum rate of ignition will be fixed by the 
highest air rate that does not cause excessive loss of fines or 
maldistribution of air. It would be expected that with a breeze 
having a smaller proportion of fines and with which air rates 
exceeding 400 psf and hr could be used, a peak of ignition travel 
would be reached beyond which increase of air rate would give 
decrease of ignition travel, as with the closely sized coke. 

2 More uniform bed conditions prevailed at high than at 
moderate air rates. While there was more vigorous and wide- 
spread “boiling” of ignited fuel pieces across the top of the bed 
at high air rates than at lower. rates, this action was more uni- 
formly distributed at the higher air rates, and there was less 
tendency to form blowholes that would destroy uniformity of air 
distribution. 


TABLE3 SIZE CONSIST AND BULK DENSITY OF COKE BREEZE 

2 , ——Per cent by weight, dry coke—— 

Size, in. Breeze B Breeze A Breeze C 
Bae RrMn i Cherie sicserei ad leue Tein corene 6.06 4.0 2.0 
pam PINs aaa ks BRP. rth eat ee 30.30 20.0 10.0 
eV oa6 woe 36.36 24.0 12.0 
1/g-1/16 27.28 18.0 9.0 
1/160 0.00 34.0 67.0 
i 100.00 100.0 100.0 

Bulk density, lb per cu ft as laid in 

POLIS Gee rctesteseturn’e stsiai acho bes 35.7 43.0 46.9 
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The effect of change in size consist on rate of ignition travel is 
shown in Fig. 14. The size consist of the fuels is given in Table 3, 
arranged according to percentage of !/i.-in. to 0 fines. As the 
percentage of fines was increased, the bulk density increased, and 
the rate of ignition travel, in inches per hour, decreased. On 
the basis of combustible ignited per square foot and hour, how- 
ever, there was remarkably little change in the rate of ignition 
travel with change of size consist, indicating that the igni- 
tion data for the tests with Breeze A could be used with reasonable 
accuracy for other breezes having a wide range of size consist. 

This does not mean that all coke breezes can be ignited and 
burned with equal operating ease, however, as the physical 
difficulties of maintaining uniform bed conditions and air dis- 
tribution increased with the percentage of fines in the fuel. 

Anthracite. Ignition data for a rice (°/i5-in.  3/;5-in.) and a 
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substandard pea (!/;.-in. X 4/s-in.) anthracite are shown in 
Fig. 15. Travel of ignition, in inches per hour, is much slower 
than for the nearest comparable coke sizes, but on the basis of 
pounds of combustible ignited per square foot and hour, they 
are quite similar. Due to the large difference in bulk density, 
about the same amount of combustible can be ignited and burned 
in a 4-in, bed of anthracite as in a 6-in. bed of coke of comparable 
size, and the time for ignition to reach the grate will be approxi- 
mately the same in either case. 

The optimum air rate to secure the maximum rate of ignition 
travel was about the same for anthracite as for coke, namely, 
350 to 400 psf and hr, but the anthracite showed a more gradual 
transition from increasing to decreasing rate of ignition, indicating 
a broader range of air rates for high rates of ignition. 
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Results of tests with barley and No. 4 buckwheat anthracite 
are shown in Fig. 16. Analyses indicate that these coals were 
similar in volatile matter and_fixed-carbon content to those 
used for the pea and rice tests described, but the ignition rates 
for the barley coal are lower than for the rice, and those for the 
No. 4 buckwheat are lower still. This is a further illustration of 
the decrease in rate of ignition travel with decrease in size below 
the optimum of approximately 1/, in. avg diam, as mentioned 
previously. 

The curves for the barley anthracite emphasize the observation 
made in connection with coke breeze, that more difficulty is often 
met in maintaining uniform air distribution and bed conditions 
with small fuels at moderate than at high air rates. Up to the 
100-lb air rate, the bed was entirely stable; at the 150- and 
250-lb air rates, there was irregular blowing and “boiling” of 
the coal at scattered areas in the bed, with resulting maldistri- 
bution of air. At the 350-lb air rate, however, while there was 
“boiling’’ (so-called because the bed top resembled a vigorously 
boiling fluid), this boiling was evenly distributed across the bed, 
which burned down very evenly. The broken curve for the 
barley anthracite indicates the ignition rates that normally would 
be expected with this fuel, but the solid line shows rates that are 
much more liable to be found with uneven bed conditions. 

Nominal water tempering aids in maintaining stable fuel beds 
with No. 4 buckwheat anthracite as with other small-sized fuels. 

High-Volatile A Bituminous Coal. Five close sizes and two 
mixtures or “‘slack’’ sizes of high-volatile A bituminous coal from 
the Pittsburgh bed were used as givenin Table 4. Ignition rates 
for this fuel are shown in Fig. 17. The curves are characterized 
by high ignition rates over a much wider range of air rates than 
was found possible with the anthracites and cokes. 


TABLE 4 SIZES OF HIGH-VOLATILE A BITUMINOUS COAL 
TESTED 


—Percentage composition— 
x 


Size, in. Mix A Mix B 
11/2-3/4 20 10 
3/4-3/3 20 15 
3/33/16 30 20 
3/16-8/32 20 25 
32-0 10 30 


Definite evidence of a decrease in ignition rate with increase 
of air rate for the sized coals was obtained only after increasing 
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the air rate to more than 750 psf and hr, indicating the possibility 
of using very high air rates to secure high ignition and burning 
rates with this coal. The mixed sizes, particularly mix B with 
30 per cent fines, lacked bed stability at high air rates; and 
variable rates of ignition were obtained, as indicated by the high 
point for mix B at the 400-lb air rate. With this exception, the 
two slack mixtures had substantially identical ignition rates. 

Slow initial ignition resulted in slow travel of ignition through 
the bed, as previously noted. This is indicated by the relatively 
low positions of the curves for the 11/2-in.  3/4-in. and the 3/g-in. 
X 3/,s-in. sizes, and by the lower curve for mix A. 

After ignition had proceeded 2 to 3 in. into the bed at air rates 
of 200 Ib and lower, swelling and caking so interfered with air 
distribution that the rate of ignition in the bottom portion of the 
bed was extremely low at the bed center where the thermocouples 
were located; ignition rates shown for these tests therefore 
were taken from the upper portions of the bed. When burning 
highly caking coals, such as that from the Pittsburgh bed, more 
uniform fuel-bed conditions would be expected at moderate or 
low air rates with thin beds, 2 to 3 in. deep, and high stoker 
speeds, than with deeper beds and slower stoker speeds. 

A bed of dry 3/;s-in. X %/32-in. coal ignited more slowly than 
the damp coal containing 12 per cent moisture, although initial 
ignition was reasonably rapid; however, caking of the bed, 
possibly more rapid with the dry than with the damp coal, may 
have been responsible. This is the only instance in this investiga- 


tion where a dry coal ignited more slowly than when damp. 


Two tests with the fine size, 3/3-in. X 0, gave ignition 
rates substantially less than those forthe next larger size, con- 
firming the previously described decrease in ignition rate for fuel 
below some optimum size, which for this coal appears to be about 
1/,in. avg diam. 
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A typical log of a test with 3/s-in. X 3/,.-in. coal from the 
Pittsburgh bed is shown in Fig. 18. At the 400-lb air rate used 
in this test, initial ignition was slow. 

High-Volatile C Bituminous Coal. Rates of ignition in 6-in. 
beds of a high-volatile C bituminous coal from the Illinois No. 6 
bed are shown in Fig. 19. The same sizes and size consists were 
used as with the high-volatile A bituminous coal. A 
much smaller variation of ignition rate with size was 
found with this coal than with the higher-rank coals 
and coke. Ignition rates for the two largest sizes of 
Illinois coal were even found to be higher than those 
for the corresponding sizes of the higher-rank Pittsburgh 
coal, in inches per hour, but in pounds of combustible per 
square foot and hour, the rates were lower since the aver- 
age combustible in Illinois coal was only 75.3 per cent, 
compared to 82.8 per cent for the Pittsburgh coal. Con- 
sidering this difference in combustible, however, the ig- 
nition rates of all sizes of the Illinois coal were rela- 
tively high. 

As would be expected with a less strongly caking coal, 


1.2 


BED PRESSURE DROP, INCHES OF H20 


S30 there was less difficulty with caking and poor air distribu- 


tion with the Illinois coal than with the Pittsburgh coal 
at the lower air rates, while air rates of 400 lb and higher 
gave ignition and burning with relatively little caking. 
With this coal it was possible to burn the preignited 
bed at a higher rate than the remainder of the green 
fuel was igniting; this is the first fuel tested in which 
the burning rate exceeded the rate of ignition, even for 
short periods. Due to heat-output limitations of the 
igniting hood, it was necessary to secure initial ignition 
at moderate air rates in all tests, then to raise the air 
rate after the hoods had been shifted, thus simulating 
a zoned stoker. At the time of starting the high air 
rate therefore there was approximately 1 in. of preig- 
nited fuel at the top of the bed. With the Illinois and 
lower-rank coals, the high air rate burned this preignited 
layer at a faster rate than the fuel beneath was igniting, 
thereby rapidly diminishing the thickness of the burn- 
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travel of ignition having two distinct slopes. The reasons 20 
for this appear to be as follows. 
Thermocouple records, gas analyses, and instantaneous 

CO, indications by meter definitely have indicated a thin ze 
zone of high-temperature burning immediately above the 
ignition plane. In this primary oxidation zone the oxy- 
gen is almost, if not entirely, converted to carbon di- 
oxide. Above this relatively thin, high-temperature, high 
CO, zone, CO begins to appear as the percentage of CO, 
and the temperature of the fuel bed drops, that is, when cer- 
tain temperatures and burning depth or time of contact are 
established in the primary oxidation zone, reduction of CO» 
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fuel will be a function of the temperature of the hot zone. 


If the reactivity of the fuel is such that the cooler reduction with two slopes. While this effect was first noted in a few fests 
zone is burned off, leaving a layer of ash rather than hot carbon with the Illinois coal, it became very pronounced with lower- 

rank coals. 

Maximum smoke density = 33 The log of a test using */,-in. X 3/s-in. Illinois coal with initial 
ignition at a 200-lb air rate and ignition through the lower two 
thirds of the bed with a 600-lb air rate is shown in Fig. 20. It 
should be noted that, as the depth of burning bed decreased, 
CO, increased, CO decreased, and the ignition rate increased 
slightly. 

Subbituminous B Coal. Ignition rates for 6-in beds of 
Colorado subbituminous B coal are shown in Fig. 21. Effect of 
decrease in rank and in percentage of combustible are evident, 
as practically all the rates of ignition are below 20 in. per hr and 
40 psf and hr of combustible ignited. 

The curves shown are applicable only for 6-in-thick beds, 
however, as the rate of ignition varies during travel through the 
bed except at very low air rates. This fuel, being more reactive 
Composition than higher-rank fuels, burns to a very thin bed at moderate as 
of stack gases well as at high air rates, as previously described, after which the 
rate of ignition depends largely upon temperature of the surfaces 
to which the fuel bed loses heat. If such surfaces are hot, and 
radiation from the bed top therefore is not excessive, the rate of 
ignition will increase when the bed burns thin, giving an ignition 
curve with two slopes, in which ignition’in the lower portion of a 
6-in. bed will be at a more rapid rate than in the top. Under these 
conditions, the most rapid average rate of ignition will be obtained 
with deep beds, and, since the burning layer is very thin, there 
will be little fuel to be burned after ignition reaches the grate. 
It appears, therefore, that most satisfactory operation with low- 
rank fuels should be obtained in refractory-lined furnaces with 
deep beds and with stoker speeds slowed to give ignition to the 
grate just ahead of the rear bridge wall. Best results with low- 
rank fuels would be expected in a refractory-lined furnace with a 
long, low, refractory rear arch. 

A comparison of the strikingly different conditions of ignition 
and burning in beds of #/s-in.  3/,s-in. high-volatile A bitumi- 
nous coal and of subbituminous B coal is given in Fig. 22, which 

Fic. 20 Log or Test Wita #4 X 3/sIx. Hicu-Voratite C shows ignition and maximum underfeed burning rates for these 

Brrumrnous Coat From Itiinors fuels. Up to an air rate of 600 Jb, ignition rate exceeds burning 

rate for the high-volatile coal, and therefore the depth of burning 

above the primary oxidation zone, CO of course will not be — fuel would tend to increase as ignition proceeded through the bed. 

formed, the temperature of the hot zone will not be restricted by | With the subbituminous coal, however, equilibrium burning, that 

the reduction reaction, and the hot zone and ash above it will is, ignition and burning at the same rate, is reached at an air 

increase in temperature if furnace temperatures are high enough rate of 250 lb; therefore, at air rates in excess of this, burning 

to prevent excessive radiation from the ash layer. Then the can proceed at a higher rate than ignition only if preignited fuel is 

rate of ignition, being a function of the temperature of the available. This accounts for the thin layers of burning fuel in 
primary oxidation zone, will increase, giving ignition curves beds of this coal when using moderate to high air rates. 
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The higher reactivity of the subbituminous coal, as compared 
to the high-volatile A bituminous coal, is indicated by the higher 
burning rates of this coal at air rates below 250 lb, that is, in the 
range where the burning rate is not affected by ignition rate. 

Lignite. Raw lignite, the lowest-rank fuel used in this investi- 
gation and cqntaining only 43.4 per cent combustible, gave 
ignition rates under 20 in. per hr and 30 psf and hr of combustible 
ignited, as shown in Fig. 23. Under the test conditions, no gain 
is indicated for the use of air rates in excess of 250 psf and hr for 
the raw lignite, although no sharp drop in the rate of ignition is 
indicated at higher air rates. This fuel is more reactive than the 
subbituminous coal, and there is less difference between ignition 
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and burning rates with the lignite than with the subbituminous 
coal, even at air rates under 200 psf and hr. Since ignition and 
burning proceed at nearly the same rate, even at low air rates, 
an appreciable layer of preignited fuel is not developed at the 
initial air rate, as was the case with the higher-rank fuels. Conse- 
quently, when the air rate is increased, there is little, if any, 
preignited fuel to burn off at high “overequilibrium”’ burning 
rates, and the rate of ignition travel therefore is not accelerated 
by such high burning rates,and by the hot furnace walls resulting 
from them. Instead of an ignition curve having two distinct 
slopes, therefore, as found with subbituminous coal, the lignite 
gave two general types of ignition curves at moderate to high 
air rates. In one type, enough heat was generated during the 
test to increase the temperature of the furnace walls gradually, 
and the hotter the furnace, the more rapid the ignition rate be- 
came. In the other type, ignition and burning were just barely 
maintained in a thin layer, but the ‘amount of energy available 
was not enough to raise the furnace walls to visible red heat. In 
this type, ignition proceeded at a substantially constant rate. 

The first type of ignition curve indicates that in a continuously 
operating traveling-grate furnace, where refractories can be 
brought up to and maintained at a high temperature, substantially 
higher ignition rates can probably be obtained than were possible 
under the test conditions, where the furnace walls initially were 
relatively cold. 

The steam-dried lignite did not have a much more rapid rate 
of ignition travel, in inches per hour, than did the raw fuel, but 
the ignition rate of the dried lignite in pounds of combustible 
ignited was roughly double that of the raw lignite. Unfortunately, 
only a few tests could be made with the limited quantity of dried 
lignite available. Since, with this highly reactive fuel, burning 
rates are limited by the rate of ignition at moderate to high air 
rates, doubling the ignition rate will permit a proportional in- 
crease in burning rates. 


CONCLUSIONS 


Ignition through fuel beds on traveling-grate stokers is essen- 
tially unrestricted underfeed; therefore, until ignition reaches 
the grate, ignition and burning proceed according to unrestricted 
underfeed principles. At constant air rate, underfeed ignition 
proceeds through the bed at a steady rate unless certain factors 
alter air distribution or bed characteristics. These factors in- 
clude: Development of blowholes, with consequent maldis- 
tribution of air; turbulence or “boiling”’ of the bed, which may 
give mechanical mixing of ignited and unignited fuel; slow initial 
ignition; drying of moist coal before ignition; heating of coal with 
preheated primary air; and burning of highly reactive fuels in 
very thin burning layers. 

After ignition reaches the grate, burning is overfeed, and 
increase of air rate will give proportional increase of burning rate, 
at least within the range where stable bed conditions prevail. 

Slow initial ignition of the top layer of fuel on traveling-grate 
stokers is followed by relatively slow rates of ignition travel 
through the bed, being slowest at the top, increasing with prog- 
ress of ignition into the bed, and tending to approach, as igni- 
tion nears the grates, the steady, higher ignition rates found with 
rapid initial ignition. 

Moisture is necessary to ‘‘temper’’ small-size fuels and, by 
agglomerating the fines, increase bed stability, but such moisture 
tends to retard the rate of ignition. The amount of ‘‘tempering”’ 
moisture added should therefore be held to the minimum neces- 
sary to obtain adequate bed stability. 

There is an optimum size of particle which will give maximum 
rate of underfeed ignition with the higher-rank fuels. As shown 
in this investigation, the average round-hole screen size for this 
optimum ranges between !/s in. and 5/;, in. diam. 
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Rate of underfeed ignition is increased by preheating the 
primary air approximately in proportion to the rise in tem- 
perature of the fuel. Such increase is proportionately greater 
at high than at low air rates. With preheated air, extremely 
high ignition rates are possible at air rates high enough to give 
physical mixing of ignited and unignited fuel, once a layer of 
fuel has been ignited. 

Coal of low ash content has higher rates of ignition travel 
than similar coal of high ash content, and high ignition rates 
may be obtained with a much wider range of air rates with the 
low-ash coal, Burning rates, however, are not materially 
affected by moderate variation of ash content, and there is some 
indication that a nominal amount of ash tends to increase bed 
stability after ignition reaches the grates. Consequently, average 
burning rates do not vary widely for the usual variation of ash 
content at normal air rates. 

High underfeed rates of ignition may be obtained with high- 
temperature coke, but only over a relatively narrow range of air 
rates. Ignition rates drop very rapidly with increase of air rate 
over the optimum. 

Ignition rates as high as those with high-temperature coke 
may be obtained with anthracite, and the range of air rate giving 
high ignition rates is broader. 

High-volatile bituminous coals give high ignition rates over a 
very wide range of air rates, but the highly caking types give 
trouble with air distribution at low air rates. 

Subbituminous coals and lignite may be used with a wide 
range of air rates, but ignition rates are substantially lower 
than those of the higher-rank fuels. Because the layer of burning 
fuel tends to become very thin with these fuels, their ignition 
and burning rates are affected by thermal conditions in the 
furnace; therefore, maximum rates would be expected in re- 
fractory-lined furnaces operated with high wall and arch tem- 
peratures. 
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Discussion 


J. H. Kerricx.§ The paper is undoubtedly the most valu- 
able contribution to the study of ignition since the splendid work 
of Nicholls® and it is certainly to be hoped that the study may be 
pursued without delay. 
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The following remarks have reference to that part of the work 
covering anthracite: 

The ignition and burning of anthracite on traveling- or chain- 
grate stokers is perhaps more sensitive to furnace and arch de- 
sign than any other method of burning, and it would appear that 
a complete ignition study would necessarily require considerable 
investigation in the direction of arch and throat design. 

Much of the thinking until recent years considered arch design 
as primarily a provider of radiant heat to the fuel-bed surface. 
Conclusive evidence now supports the belief that arch design 
primarily provides control of the travel of the incandescent 
particles from the rear to the top of the bed of inflowing raw 
fuel and of the lean gases of combustion for proper intermixture 
with the rich volatile gases evolved from the raw fuel during the 
period of temperature rise to the point of ignition. 

It would appear that any influence which might aid initial 
ignition and correspondingly improve the rate of ignition travel 
would improve the bed conditions in the burning area. Study 
is now being made of certain design changes as a means of aiding 
initial ignition with presently indicated favorable results. 

While it is recognized that the temperature at which fuels reach 
their ignition point varies with the ignitibility of the particular 
fuel, it is important that the initial ignition should not be ‘‘pulled 
away” from the front of the furnace by improper control of flow 
of ignited particles toward the front of the furnace. Where this 
condition obtains, there develops a gradual loss of temperature 
in the bed until ignition is lost completely. 

Particularly with reference to anthracite, there is a considera- 
ble variation in ignition characteristics. All of the range of 
ignitibility however is above other coals. It is therefore to be 
hoped that, in the further study indicated in the paper, some 
opportunity will be had to examine the range of anthracite ig- 
nitibility and its effect on initial ignition. 


Henry Kreistncrer.’ The paper describes a study of ignition 
of the fuel on a stationary grate by applying heat by radiation 
from glo-bar elements. The principal factor studied was the 
penetration of the ignition from the surface of the fuel bed toward 
the grate. The apparatus was ingeniously designed so that the 
rate of heating and the rate of penetration of ignition could be 
détermined accurately. The authors state that the results ob- 
tained apply to ignition on traveling-grate stokers. 

The question is: To what extent are the results so obtained ap- 
plicable to commercial installations of traveling-grate stokers? 
In practically all the traveling-stoker furnaces of recent design 
the heat for ignition is supplied to the incoming fuel bed by con- 
vection. In most cases the radiation factor is negligible and in 
some cases entirely absent. The arch extends from the rear end 
of the grate about two thirds of the way to the point where the 
fuel enters the furnace. The arch functions as a baffle directing 
the hot gases from the burning fuel toward the front end of the 
grate where the fuel enters the furnace. The incoming fuel is 
heated by the sweeping of the hot gases over the surface of the 
fuel bed and also by particles of burning fuel carried by the hot 
gases and dropped on the incoming fuel. 

The old traveling-grate furnaces had refractory arch over the 
front part of the grate where the fuel comesin. The arch had to 
be heated to a bright-red heat before satisfactory ignition was 
obtained, and there was always the danger of losing the ignition 
when greater load had to be picked up. 

With the rear-arch design the arch does not have to be heated. 
In fact, in some cases it is completely water-cooled, that is, it is 
constructed of bare tubes with continuous metal surface with no 
refractory exposed to the fire. With this design of furnace stable 
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ignition is maintained at all loads because the faster the fuel is 
fed to the furnace the more intense is the scrubbing of the hot 
gases over the incoming fuel and also more burning particles of 
fuel are carried by the gases and dropped on the front part of the 
fuel bed. 

The fuels usually burned on the rear-arch traveling-grate fur- 
nace are small sizes of anthracite, which usually have high mois- 
ture content, coke breeze and high-moisture fuels, such as lig- 
nites and subbituminous coal. All these fuels are usually dif- 
ficult to ignite. In the rear-arch furnaces, ignition of these fuels 
is easily obtained. 


Rap A. Suerman.’® This paper carries on for the Bureau of 
Mines in the fine tradition of sound work established by Kreis- 
inger, Blizard, and Nicholls. It is a natural corollary to the 
work on underfeed burning. 

One could wish that the work had been available 25 years ago 
when the traveling-grate stoker was widely in favor, but even 
now the information can be of much value to those charged with 
the design and application of these stokers. The optimum rate 
of air supply in the ignition zone and the length of this zone 
can be deduced. The steep slopes of the rate-of-ignition curves 
on either side of the maximum for cokes and anthracite show the 
desirability of zoning of the air. The extremely variable gas 
composition over the length of the grate, as shown by Figs. 18 
and 20, confirm the work of Shoudy and Mumford and the neces- 
sity of a rear arch to mix the oxygen-rich and combustible-rich 
gases, 

Many mysterious effects have been claimed for tempering 
water, and it is interesting to note that the beneficial effect ap- 
pears to be from the agglomeration of the fines. There is the 
suggestion also that the moisture was of some benefit with the 
Pittsburgh bed coal in reducing the rate of coking. Further 
discussion of this by the authors would be desirable. This has 
been suggested by others who have less opportunity to make 
careful measurements than did the authors in their well-designed 
equipment. 

All will look forward to the publication of the Bureau bulletin 
on this piece of research as that will include many data impos- 
sible to include in the limited space of this paper. 


Autuors’ CLOSURE 


The authors are grateful to the discussers for their assistance 
in pointing out certain phases of this problem that require further 
explanation. 

The importance of ignition of the incoming fuel on traveling- 
grate stokers by the burning particles blown from the rear to the 
front end of the stoker is stressed by Mr. Kerrick, who points out 
that modern considerations of furnace design have led to long 
flat rear arches to accentuate this effect. In addition, he men- 
tions that the influence of radiation from the front arch in secur- 
ing initial ignition is now considered of minor importance. Mr. 
Kreisinger concurs in this belief and states further that in recent 
designs the heat transferred by convection from the burning gases 
is chiefly responsible for ignition of the incoming fuel. The 
authors are well aware of such effects and pointed out early in 
the paper that ignition occurs either by radiant heat, convection 
from hot gases, or by deposition of ignited fuel blown from the 
rear. 

In making investigations such as the one reported in this 
paper, it is always necessary to control as many variables as 
possible, and to vary those under study in a controllable and 
logical manner. Further, since an attempt is being made to 


10 Supervisor, Fuels Division, Battelle Memorial Institute, Colum- 
bus, Ohio. Mem. A.S.M.E. 
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place the burning of fuel on the level of a science rather than an 
art, it is necessary that wherever possible each variable be 
measured with reasonable exactness. In the case of ignition by 
the deposition of previously ignited fuel, the experimental diffi- 
culties involved in controlling and measuring such a factor would 
be enormous; when ignition is considered as occurring by heat 
transferred by convection or conduction from a high temperature 
stream of gases moving over the surface of the green fuel the 
difficulties involved in measuring the amount of heat transferred 
also would be great. However, by utilizing radiant energy, 
relatively simple laws fix the amount of heat transferred per unit 
of time and it is possible not only closely to control this energy 
but also to make fairly accurate measures of the amount received 
by the igniting fuel. Actually, it is energy that results in raising 
the temperature of the fuel to the point where ignition occurs, 
and the source of such energy is unimportant. Thus instead of 
stating that the igniting hood had a temperature of 7 degrees to 
result in a certain igniting effect, we could say that its equivalent 
of Q Btu per square foot per hour had been transferred to the 
fuel, and as far as the fuel is concerned this heat energy could 
have been received by conduction, by convection, or by radia- 
tion. 

In that part of the study reported here, the amount of heat 
transferred to the fuel is unimportant except in so far as normal 
ignition or slow ignition occurred, since it deals with the travel 
of the plane of ignition through the fuel once ignition at the sur- 
face has begun. However, in other studies to be published later, 
certain variables such as the time for initial ignition are depend- 
ent upon this factor, and the points discussed here are directly 
applicable. Incidentally, it is interesting to note that even in a 
furnace having a water-cooled arch, radiation from the flame it- 
self may be a significant factor in transferring heat to the incom- 
ing fuel, since the column of burning gases passing upward be- 
tween the front and the rear arch may have sufficient thickness 
to radiate with a high emissivity. The position of this column 
of flame usually is such as to be ‘‘seen”’ by the incoming raw fuel. 

With reference to Mr. Kerrick’s question regarding the igniti- 
bility of various anthracites and its effect on initial ignition, that 
point will be covered in considerable detail in the forthcoming 
Bulletin of the Bureau of Mines reporting on all the phases of 
this investigation. Measurements of reactivity by the CIT 
ignitibility method were made on each of the fuels tested, but the 
correlation with actual ignition characteristics is complex and 
will be reserved for the future. 

The authors agree with Mr. Sherman regarding the desirability 
of having had these data available during the period when the 
traveling-grate stoker was being developed most rapidly. How- 
ever, all the problems involved in the industrial burning of fuels 
by this method have not been solved, and it is hoped that this 
information may result in a better understanding of the actions 
occurring in relatively thin beds. He is correct in that the bene- 
ficial effects of tempering moisture result from the agglomeration 
of the fines, but this subject will be more thoroughly developed in 
the Bulletin already mentioned. 

The suggestion that tempering moisture may have been bene- 
ficial in reducing caking with the Pittsburgh bed coal was offered 
as the most plausible explanation for the fact that, of all the fuels 
tested, only this particular coal gave a lower rate of ignition 
travel when dry than when moistened. Because of the many 
variables involved, only a few tests bearing directly on the effect 
of moisture were possible, and the complicating effects of caking 
with this coal added further difficulties. If time permitted, it 
would be of considerable interest to investigate this phase of 
water tempering, as the results would be of interest to operators 
of many types of furnaces. 
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Prediction of Centrifugal-Pump Performance 


Baha | Se plGOLT = piimiSBeRGH mPa. 


The author states that the selection of impeller, diffuser, 
and volute shapes of centrifugal pump designs are largely 
empirical, because the theory, based mostly upon the clas- 
sical centrifugal theory, has been incorrect or at least in- 
complete. In the prediction of performance of small 
multistage deep-well pumps, some time ago, the author 
found another course of analysis which gave promise of 
excellent results. Essentially, the centrifugal pump does 
not operate as such except at shutoff but does behave as a 
radial-flow turbine. Consequently, the performance can 
be more truly analyzed and the hydraulic losses can be 
treated as if the pump were a pipe with a shock loss at the 
pickup edge of the blades and a recirculation loss. This 
method of prediction is explained and illustrated in the 
course of the paper. 


Prior MrrHop 


N the long period of centrifugal-pump development the selec- 
tion of impeller, diffuser, and volute shapes has been largely 
empirical. The reason is that the theory of action, based 

mostly upon classical centrifugal theory, has been incorrect or at 
least incomplete. Professor Sherzer drew attention to this con- 
dition (1),? and pointed out that the generally published theory 
gave a value of shutoff head above what the pump actually 
yields, and a straight-line decrease to zero at a value beyond the 
failing value on test. 

Some years ago the author had occasion to attempt prediction 
of performance of small multistage deep-well pumps and found 
that another course of analysis gave promise of excellent results. 
It was noted that with the exception of the Rees ‘“‘Roturbo’’ de- 
sign, no so-called centrifugal pump operates as such except at 
shutoff but does behave as a radial-flow turbine. As a result 
the performance can be much more truly analyzed and the hy- 
draulic losses can be treated as if the pump were a pipe with a 
shock loss at the pickup edge of the blades and a recirculation 
loss, which is akin to a shock loss. 


Prer-FLow-Tyer Losses 


Referring to Figs. 1 and 2, the skin friction and bend losses are 
similar to those occurring in a pipe and respond to the same for- 
mulation. We can regard the pipe losses as occurring independ- 
ent of rotation. Similar calculations made on axial flow in sleeve 
bearings or in rotary pumps checked by tests show that these 
losses are substantially unaffected by rotation. 

The items to be caleulated are as follows: 


1 Velocity pressure, inlet. 
2 76-deg bend in eye of impeller. 
(a) Rotation loss, hub up to blades. 


3 Blade passage, friction loss. 
4 76-deg bend at rim to volute. 
5 Rotation loss, at rim. 


1 Chief Engineer, Gulf Research & 
Fellow A.S.M.E. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of THe 
AMBPRICAN Socrery or MucHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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Fig. 1 Axrau Section or Test Pump 


Fie. 2 


Vouure or Pump Trstep 
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TABLE 1 DETAILS OF PUMP SHOWN IN FIGS. 1 AND 2 
Air-free water 
Delivery, epi}. cris tereeletiees maravenavenare 0 61.9 165.0 247.5 350.0 450.0 50.0 
‘Circulation. sesn escheat keine ie telos 28.0 89.4 191.4 273.0 374.2 472.4 69.6 
Friction loss: 
Jtoms 2, 3,4, and) Voces dria’ aya)sisinin taper 0.004 0.06 0.33 0.70 1.34 2.06 3.16 
Pressure loss: 
50 per cent of pickup shock.......... 9.12 7.34 4.82 3.21 1.73 0.82 0.49 
Total procsure loss tesco ewe ets o> « 9.12 7.40 5.15 3.91 3.07 2.88 3.65 
100 Per cent air release in suction reabsorbed in volute 
It EROGOR sass stern iaretetts Ge sa ear ete 1.00 1.00 1.00 1.00 0.956 0.892 0.735 
Friction loss: 
Dtoms 27:3,) 4, AMO anateiearaik Karol eyeye rele 0.004 0.06 0.33 0.70 1.40 2.35 4.30 
Pressure loss: 
50 per cent of pickup shock......... 9.12 7.34 4.82 3.21 1.81 0.92 0.67 
9.12 7.40 5.15 3.91 3.21 3.27 4.97 
Velocity pressure, outlet 8............ 0 0.21 1.51 3.39 6.79 11.21 16.75 
Velocity pressure, inlet 1.............. 0 0.08 0.56 1.27 2.53 4.18 6.24 
Net: diflerencenetiscerststeitaie slslsiniele) s(ereie 0 0.13 0.95 2.12 4.26 7.03 10.51 
(a) Rotation loss, between shroud and case. The only way apparent at this time to account for the re- 
(b) Rotation loss, between open side of impeller and case. mainder of the brake-horsepower input to a centrifugal pump at 


6 Volute friction. 
7 Outlet-elbow loss. 
8 Outlet-velocity pressure. 
9 Kinetic head for flow. 
10 Pickup shock. 
11 Static-pressure difference. 
12 Recirculation loss. 
13 Leakage. 
14 Bearing and packing loss. 
15 Blade-edge rotation loss. 
16 Compression of released air. 


The pipe losses up to the rim of the impeller shown in Figs. 1 
and 2 are as follows: 


(a) 


(d) 
(c) 
(d) 


Inlet-pipe friction from flange to impeller; usually, neg- 
ligible 

Impeller-blade passage, Item 3 

Bend losses, impeller eye, throat turn, Items 2, 4, and 7. 
Pressure drop due to pickup shock, Item 10. 


Suock-Tyrre Losses 


There are two principal shock-type losses. 
The first (Item 10) occurs at the pickup edge 
of the blades in the eye of the impeller and is 
occasioned partly by an incorrect angle of 
blade for any but one flow at each speed and 
partly by the discontinuity imposed by a finite 
number of blades. 

This loss has not been measured directly 
and probably cannot be. We can be assured 
that it is close to the energy loss represented 
by the difference of the squares of the abso- 
lute velocities just before and just after en- 
tering the blade passages. It is certain from 
test data that this energy loss appears partly 
as a pressure depression at lower flows, the 
remainder as a torque in the impeller. It is 
also apparent that it should be highest at 
shutoff, decrease nearly to zero at that 
delivery for which the pickup angle is cor- 
rect, and at higher deliveries increase again. 
It is probable that for flows larger than the 
“optimum” this loss would appear only as a 
torque on the impeller, since there is de- 
celeration on entering the blades instead of 
acceleration. All this is speculation but we 
find that some reasonable guesses as to the 
fractions lost give good correlation. 


low Flow 


lower flows than rating, is to assume some recirculation in the 
blade passages. It is assumed that the impeller tends to pump 
the optimum delivery, probably that for the best efficiency. It is 
then assumed that the difference between best flow and actual 
flow recirculates from the rim toward the eye chiefly on the 
underside of the blades, as in Fig. 8. This recirculation is not a 
single closed eddy but returns to the outflow stream in increments 
distributed down part of the length of the blade. Consequently, 
the energy loss will be some fraction of that required if the 
recirculation amount were actually pumped against the full 
head. For the pump used as an example, 15 per cent was em- 
ployed in calculating Item 12. 


Kanetic Heap 


The kinetic head, or ‘‘throwoff’’ pressure, is simply the vector 
sum of the blade-flow speed and the rim speed. It is obvious 
that the radial components of velocity both at the pickup edge 
and eye are determined by the delivery only and are independent 
of speed of rotation. Referring to Fig. 4, the throwoff velocity is 
determined by 


1 Vv, — Vy COS a)? + vy? Sin? a......... 


| 


Fie. 3 RecrrcuLaTion ConpDITIONS 
(Shaded areas, recirculation; clear areas, delivered flow.) 


} 
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PIGOTT—PREDICTION OF CENTRIFUGAL-PUMP PERFORMANCE 


Throwoff pressure is 


0.000108» [(v, — v, COS a)? + v,? sin 2 autre 


Pi [2] 
v, = rdN 

Q 
Cpe 

a 


v, = throwoff speed, fps 

v, = rim speed, fps 

v, = blade-flow velocity 

p = density of liquid, lb per cu ft 

p, = throwoff pressure, psi 

d = rim diameter of impeller, ft 

N = rotational speed, rps 

Q flow, cfs 

a total blade opening area at rim perpendicular to flow 


Fig. 5 shows the plot of throwoff pressure versus flow through 
a section of the impeller. This formulation differs from those 
given in most of the textbooks which usually include a sub- 
traction of the energy at the pickup edge of the blade, which 
gives too small a value except at flow for which the blade angle is 
correct. It is obvious that the impeller is the only source for 
adding energy, and the only other energy of the liquid is that of 
the absolute static and kinetic pressure in the inlet of the pump. 
The maximum energy is at the rim of the wheel. Therefore the 
total differential added by the impeller will be the difference be- 
tween that due to the absolute velocity leaving the rim, less the 
total energy at the inlet pipe. Fig. 5 shows the plot of throwoff 
pressure, the total internal flow losses (except for the volute), 
and the static differential pressure, Item 11. Table 1 gives the 
detail material for the pump shown in Figs. 1 and 2. 


VoLuTEe EFFrEctTs 


If we now consider that the volute has a friction loss, it be- 
comes evident that the flow through various sections of the 
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Fie. 4 THrRoworr VELOcITY AND Pickup SHocK 


impeller cannot be uniform but must begin at a value lower than 
the mean; and as the pressure falls toward the outlet, the flows 
through succeeding sectors of the impeller continue to increase 
toward the outlet. In short, the friction loss in the volute con- 
trols the rate of flow from different sections of the impeller and 
therefore the flow around the impeller cannot be uniform unless 
the volute friction were zero. 

It will be noted that the volute friction is missing from the list 
of losses previously given, because it occurs after throwoff. The 
first section has to flow against nearly the whole of the volute ‘fric- 
tion; the second section, against smaller value; and so on. jin 
brief, the volute friction lowers the final outlet head. If the dis- 
tribution of flow were uniform and the diameter of the volute were 
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Fie. 5 Pressures, Unirorm Firow DistrisuTion 
(Used for section flows.) 
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a definite function of the angle from the dam, integration to get 


pressure drop in the volute is not difficult. 


But we do not know 


the actual flow distribution beforehand; and such volutes as the 
author has examined do not appear to be designed on any con- 
sistent function of angle or length of volute. 

In the pump chosen, for example, the volute equivalent diame- 


0 
ter varies as 330 for the first 120 deg, and as 


mainder. 


é 
— for the re- 
330 


The convenient answer for the present is to break up the volute 
into sections (four appear to be enough), calculate the friction for 
each section on uniform flow distribution, and use these values 
in a step-by-step build-up of the flow distribution. Such fric- 
tion curves for sections are shown in Fig. 6, and the calculation of 
flow, in Table 2. 

A flow is assumed for section 1, concentrated at the middle of 
the section, and the net kinetic pressure taken from Fig. 5. The 
friction for this flow from the middle of section 1 to section 2 is ob- 
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DELIVERY, IN VOLUTE GPRM 
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Fig. 6 Vouutrre FRICTION BY SECTIONS 


Pressure loss, median point to median point.) 


TABLE 2 CALCULATION OF FLOW DISTRIBUTION AND PRESSURES 


From Fig.5 - 


Gpm 
section 
Section 1 15.0 


Section 2 16.0 


Section 3 16. 


nN 
on 
SocoMmwN 


Section 4 16. 


_ 
oo 
1 00 9 00 00 to 


Outlet 63.5 


No air release 


Kinetic 
pressure 


Kinetic 
pressure 


———— 100 Per cent air release 
Volute Volute 
Gpm friction, Gpm Kinetic Gpm friction, 
volute psi section pressure volute psi 
15.0 0.11 15.0 54.85 15.0 0.11 
30.0 0.39 30.0 53.30 30.0 0.39 
40.0 0.66 40.0 52.26 40.0 0.66 
60.0 1,42 60.0 50.12 60.0 1.42 
80.0 2.44 80.00 46.58 80.0 2.44 
100.0 3.70 100.00 42.72 100.0 3.70 
120.0 5.18 120.00 37.60 120.0 5.18 
31.0 0.01 16.0 54.74 31.0 0.01 
63.8 0.05 33.8 52.91 63.8 0.05 
87.0 0.09 47.0 51.60 87.0 0.09 
133.8 0.19 73.8 48.80 133.8 0.19 
174.5 0.31 93.3 44.14 173.3 0.31 
239.5 0.56 115.5 39.02 215.5 0.47 
133.5 32.42 253.5 0.64 
47.2 0.01 16.2 54.73 47.2 0.01 
98.1 0.04 34.3 52.86 98.1 0.04 
134.8 0.07 47.8 51.51 134.8 0.07 
208.8 0.17 75.0 48.61 208.8 0.17 
272.5 0.28 94.5 43.83 268.1 0.27 
383.5 0.53 117.3 38.55 337.8 0.41 
135.0 31.78 388.5 0.54 
63.5 0.01 16.3 54.72 63.5 0.01 
132.9 0.05 34.8 52.82 132.9 0.05 
169.6 0.07 48.8 51.44 169.6 0.07 
285.1 0.19 76.3 48.44 285.1 0.19 
373.3 0.32 96.0 43.56 364.1 0.31 
533.0 0.62 118.5 38.14 455.3 0.46 
138.3 31.24 526.8 0.60 
Veloc- Static Kinetic Veloc- Static 
ity head pressure Gpm pressure ity head pressure 
~22 54.59 63.5 54.71 0.22 54.59 
1.00 51.77 132.9 52.77 1.00 51.77 
1.61 49.76 169.6 51.37 1.61 49.76 
4.55 43.70 285.1 48.25 4.55 43.70 
7.76 37.96 364.1 43.25 7.40 35.85 
15.70 24.99 455.3 37.68 11.40 26.28 
526.8 29.64 15.40 14.24 
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PIGOTT—PREDICTION OF CENTRIFUGAL-PUMP PERFORMANCE 


tained from Fig. 6, subtracted from the kinetic pressure of section 
1 to get the pressure subsisting at the center of section 2. The 
corresponding flow for this pressure is taken from Fig. 5, this 
flow added to that from section 1, and the friction for this sum 
found in Fig. 6, for section 2 to 3, and so on to the outlet. This 
method, while it is an approximation, seems to give quite good 
correlation with more elaborate methods. It will be noted that 
the pressure difference available between inlet and outlet is al- 
ways less than that found merely by assuming uniform flow as in 
lig. 5 (used for sections individually) . 


Pickup SHock 


As previously stated, total pickup shock is calculated as the 
difference in energy between absolute radial velocity in the eye 
entering the blades, and absolute velocity in the blades immedi- 
ately at pickup. Referring to Fig. 4, the formulation is the usual 
one for obtaining absolute velocity in the entry and need not be 
restated here. 


DissOLvep Air oR GASES 


Little attention has hitherto been paid to the possible effects 
of evolved air on the head-capacity curve of the pump. Water 
dissolves about 16 per cent of air by volume N.T.P., and most 
water handled by centrifugal pumps arrives at the pumps satu- 
rated. The cases where practically no gas is present would be 
those of hot-well or boiler-feed pumps on deaerated water. It 
appears that the release of this dissolved air has quite an im- 
portant effect in reducing the head developed by the pump at 
flows beyond rated capacity and also increases most of the 
losses. 

It has been proved that in turbulent flow the following rela- 
tion holds: Flow of liquid plus gas 


_ 0.000108p0? (1 + a) 
= d 


Ap 


where a is the air as fraction of liquid volume present. Since 


velocity will rise as (1 + a) and p falls as i , the effect in the 
a 


(se Qe 
(1 +a) 


Consequently, all passage frictions and bend losses increase as 
1 
(1 + a). The head developed should fall as ; and if the 
a 


entire blade passage flowed full there would be a further reduction 
of head in a back-laid blade due to the blade-velocity effect on 
throwoff velocity. But we do not know just what changes do 
take place although we know that in general, the outlet from the 
blades does not flow full. In any case the effect is rather slight 
and for the present has been disregarded. 

In the region of air evolution, generally beyond rated flow, the 
normal liquid head, air free, multiplied by the air factor has been 


or (1 + 4). 


liquid formula for the same flow of liquid is 


1 
used. Fig. 7 shows the air factor (5) plotted against abso- 
a 


lute pressure at 90 F temperature. Temperature is not impor- 
tant except as to vapor pressure, as the solubility of oxygen and 
nitrogen in water or petroleum oil is not much affected by tem- 
perature. ‘Incidentally, the solubility of air in petroleum oils 
from heavy to light lube oils is about 9 per cent. In gasoline it 
varies from about+15 to 20 per cent, being highest where aromatics 
are present. Inspection of Fig. 5 will show that the effect of this 
evolved air is quite pronounced. The assumptions used in ap- 
plying the air factor are: No release from 14.7 psi down to 12 psi 
in inlet (supersaturation); below 12 psi, complete release in the 
presence of turbulence. No effect on inlet velocity head as no air 
is yet evolved. No effect on outlet velocity head as all released 
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air, being in the form of fine bubbles, will be redissolved in the 
volute under the high pressure. 


LEAKAGE 


It would seem that leakage can be rather easily calculated. 
Looking at the leakage path down the back of the impeller shroud, 
Fig. 1, it is seen that there is a long capillary seal, followed by a 
chamber with relief holes to suction. 


Taking 

~. = pressure drop across capillary seal, psi 

p2 = pressure drop across relief holes, psi 

p = pi + po = static pressure difference across pump, psi 
b = clearance back of shroud, ft 

r, = outer radius of capillary seal, ft 

rz = inner radius of capillary seal, ft 

a = total area of relief holes, sq ft 


0.000108 flv? 


= ei aoa Lora tat. sloveene dees [4] 
peta Qied es 
a 2rrb 
0.000108 fpQ.? dr 
ta 81? bs r2 
Integrating 
E370 LORS i pQi2 {i ol 
j= = = 9) Me's eet ee (5] 
b3 T2 Ty 


For the relief holes which are sharp-edged, we can use a coet- 
ficient c = 0,60; then 


0.000108 pQ,? 
Pe = DL000L0S pat cs UES eee 


(0.60 a)? 
1.370 X 10-6 foQ,2 (: ‘) 
[PWR as 1 = ¥ 
3 T2 Ty 
0.000108 pQi’ (6] 
(0.60a)? 
(Oy = ae Ie | er [7] 


/ (vi 
1.370. 10n* fol —— 

: ro 1.08 X 10-4 p 
bs (0.6 a)? 


For a given pump where all dimensions required are known and 
the passage is small so that f = 0.054, this becomes merely 


Q=KV Ap 


an 
a 


AIR FACTOR 


AIR FACTOR, FOR 100 % 
EVOLUTION OF AIR FROM SATURATION 
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Similar setups can be made for any other physical arrange- 
ment. For sealing rings, likely the flow may get into the viscous 
region and the appropriate formulas should then be used.’ The 
open side of the impeller does not afford a leak as the velocity 
developed in the pump impeller opposes it. If the pump impeller 
is shrouded on both sides there will be two leak paths. Both 
must then be calculated. 


Input HorsrrowER 
The input horsepower consists of the following: 


1 Water horsepower (Whp) on delivery plus leakage, (dis- 
placement). 

2 Rotation losses, Items 2(a), 5, 5(a), 5(b). 

3 Remainder of pickup shock energy not accounted pressure 
drop, Item 10. 

4 Work done by blunt edge of blades, Item 15. 

5 Recirculation, Item 12. 

6 Compression of released air, Item 16. 

7 Bearings and packing, Item 14. 


Water horsepower on delivery is calculated on the pressures and 
flow, Table 2, by sections, as the water horsepower calculated on 
total flow and pressure difference between inlet and outlet is too 
low, especially at the higher flows. 

Rotation losses are calculated for both sides of the impeller, 
for the breadth of the rim and the hub by the following formulas 


Disk: Hp = 6.885 X 1075 fpN3 (d:5 — ds5)..... [8] 
Cylinder: Hp = 6.885 X 10-!fpwd! N3............ (9] 
where 
N = rotational speed, rps 
p = density, lb per cu ft 
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f = friction factor 
d, = outer diameter disk, ft 


d, = inner diameter disk, ft / 
d = diameter cylinder, ft 
w = width of cylinder face, ft 


Inspection of Equation [9] shows that since b, the clearance, 
does not appear directly, the rotation loss of front and rear sides 
of the impeller will differ only because of difference inf. It is well 
known that 


2b 
es for a slot 
av 


so that f does change from shroud to open side. The value of 6 is 
very small behind the shroud but quite large for the open blade 


passage. For the example given in Fig. 1, at 3585 rpm: 
b, ft hp R f 
Shroud'sides, .7..5- 2. 0.00167 1.244 74000 0.054 
Open side... acta a 0.050 0.737 2443000 0.0191 
RIM Te creer each te 0.0546 0.800 2594000 0.0142 
Hub. 0.0735 0.001 596000 0.0170 
ABO Lot orem tis curate 2.782 


To split hairs, we should integrate for Equation [8], with the 


¢C 
value R substituted for f, but it is not worth the trouble. Most 


of the work is done near the outer diameter of the disk and a 
value of f from FR at the outer diameter is good enough. 

One half the pickup shock was treated as a pressure drop af- 
fecting head losses, the other half can be obtained simply by 
multiplying the remaining imaginary pressure by gallons per 
minute circulation and by 0.0005833 which will yield horsepower. 


TABLE 3 CALCULATED RESULTS COMPARED TO TEST VALUES 
For sections 


Delivery? gpm ol ase ii cee we cots 0 61.9 165 247.5 350 450 550 
LGA ae visa clea ee rstaua ns tee sia ore 28.0 27.5 26.4 25.5 24.2 22.4 19.6 
"Potal HOw gi:. 4 delacem ee ca seis 28.0 89.4 191.4 273.0 374.2 472.4 569.6 
No air released 
Throwoff pressure at outlet....... 65.54 62.14 56.80 52.66 47.82 43.63 39.85 
TOSSES oie. cre eiet crate lei (a eee 9.12 7.40 5.15 3.91 3.07 2.88 3.65 
Impeller differential.......... 56.42 54.74 51.65 48.75 44.75 40.75 36.20 
Inlet velocity pressure........... 0 0.08 0.56 1.27 2.53 4.18 6.24 
Net kinetic pressure for flow..... 56.42 54.82 52.21 50.02 47.28 44.93 42.44 
100 Per cent air released 
Throwok pressure. velit cise 65.54 62.14 56.80 52.66 45.92 38.90 29.28 
TOBBEB Sa su capacimante an titer ee te 9.12 7.40 5.15 3.91 3.21 3.23 4.97 
Impeller fist xen Joes ope tee 56.42 54.74 51.65 48.75 42.71 35.67 24.31 
Velocity oad ).c.o.scc0 pezges aasen ee 0 0.08 0.56 1.27 2.53 4.18 6.24 
Net pressure for flow............ 56.42 54.82 §2.21 50.02 45.24 39.85 30.55 
Outlet pressures as reduced by nonuniform distribution and 100 per cent air released 
Net pressure for flow............ 56.42 54.74 51.88 49.46 44.04 38.00 26.20 
Outlet velocity head............. 0 0.21 1.51 3.39 6.79 11.21 16.75 
Staticidifferentials.. 1,7 skunigue 56.42 54.53 50.37 46.07 37.25 26.79 9.45 
Des bueeiesssiscarhe aapeon ate pei uaterats tee 55.9 54.9 61.5 46.6 38.2 25.9 6.0 
Difference: esha hue ee ee + 0.52 —0.4 —1.1 —0.5 —0.9 +0.9 +3.5 
TABLE 4 HORSEPOWER INPUT, 100 PER CENT AIR RELEASE 

Delivery; 2pm ci tne cee 0 61.9 165 247.5 350 450 550 
Displacement horsepower......... 1.07 3.10 6.38 8.67 10.56 11.68 11.54 
Rotation lesion. cote wa eee 2.78 2.77 2.76 2.76 2.75 2.62 2.38 
i Ce Pe te ore hirtiat cio gels 0.19 0.19 0.19 0.19 0.19 0.17 0.14 
Bearings and packin 0.50 0.50 0.50 0.50 0.50 0.49 0.49 
Pickup shock....... 0.15 0.38 0.54° 0.51 0.38 0.23 0.16 
Recirculation. . 1.59 1.28 0.80 0.45 0.17 0.0 0.0 
AIP ‘CODA PLeBSl Onis js vieeere sole wwe rabees neath ia ae ree ne 0.30 0.78 1.10 
Potal wise teas qeieNe haere as 6.28 ere ieee (mri \Taegco » Disere., NOia 
Test, a.-%s 6.30 8.15 ify ia hh 13.03 14.78 15.88 15.45 
Difference..... —0.02 +0.07 +0.06 +0.05 +0.07 +0.09 +0.36 
Delivery water horsepower... 0 1.98 4.94 6.96 8.47 8.88 6.40 
Efficiency, cale, 0 24.0 44.2 53.2 57.1 55.6 40.5 
Efficiency, test 0 24.3 45.4 53.9 58.7 54.5 34.4 
Ditlerenpe: 055 20s ais Bea Gate ws 0 —0.3 —1.2 —0.7 —1.6 +1.1 +6.1 
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Fie. 8 Txst anD CALCULATED RESULTS 
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The edges of the blades, while rounded, nevertheless have a 
finite section and must be ploughed through the liquid at 
eye-diameter speed; 
impeller. 

For recirculation calculation, the best flow was guessed at 450 
gpm as being probable. It turned out from tests completed 
later that the best point of efficiency is about 375 gpm, highest 
water horsepower at 400 gpm. Water horsepower, calculated for 
each flow as described, was subtracted from the 450-gpm value, 
and 15 per cent of this difference was used as the recirculation 
horsepower. Inspection of Thoma’s pictures and consideration 
of many tests indicated that in reasonable designs the recircula- 
tion loss cannot be much higher, and for large pumps may be less. 

When air is released it is at the suction-side pressure and must 
be compressed to the pressures subsisting in the volute. The 
usual isothermal formula was used, since the air is in intimate 
contact with the liquid. The horsepower required is surprisingly 
large but the released air at 550 gpm and 5 psia inlet is about 36 
per cent of the liquid volume. 

Many diagrams of pressure through pump impellers, based 
on centrifugal force; indicate a considerable rise of pressure in 
the impeller toward the rim. We cannot subscribe to this idea 
because the curvature and absolute velocity of the water are al- 
ways much Jess than that of the impeller rotation, with a laid- 
back blade. With the analysis adopted herein, there should 
be no appreciable rise of pressure in the impeller as the energy 
addition is all kinetic. There should therefore be little or no 
rise until the volute converts the throw-off speed to pressure. 

Bearings are estimated from Dr. Styri’s data on ball bearings 


this resistance will add a torque to the 


not flooded with liquid and the packing is a Cook seal type cal- 
culated on a friction coefficient of 0.005. 

Tables 3 and 4 give the calculated results compared to test 
values, and Fig. 8 shows the comparative plot. 

All the foregoing estimates of losses might appear rather dras- 
tically empiric; but so have the preceding usual methods. So 
far as head is concerned, it appears much closer to calculate the 
head on radial-turbine methods than on an inaccurate use of 
centrifugal force. Obviously, water horsepower is more accu- 
rately calculated on the real difference in pressure in different parts 
of the volute, on a realistic distribution of flow, than on assumed 
uniform distribution, and no recognition of the very considerable 
loss in the volute. Rotation loss and leakage do not seem to have 
received any but empirical attention. The formulas for rotation 
loss and leakage given herein are rigorous. The recognition of 
evolved air effects accounts for the sharp fall-off at high flows. 

In so far as pressure drop due to pickup shock is concerned, 
we get a good check on the value by test. It will be noted that 
the pickup edge angle as designed is not yet correct at maximum 
flow. We designed a propeller mounted on the hub and designed 


Fig. 10 Proprr.uER ADDITION 
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for correct angle at 247.5 gpm delivery. Figs. 9 and 10 show 
the general arrangement. Fig. 11 shows that the gain was 5 in. 
hg, or just under 2.45 psi for the cavitation point, and the caleu- 
lated loss was 3.21 psi. 

This method was tried out in rougher form on several pumps, 
but on the example chosen we had very complete tests and could 
make a fairly close check. 

Some points for design are evident from this method of attack: 


1 The pickup edge of the blades has an important effect 
upon the cavitation point, of value in the design of hot-well or 
high-altitude circulating pumps for aviation. 

2 It should be possible to determine the optimum number of 
blades with less uncertainty. 

3 The volute needs careful study for lower losses; most of 
those examined are much too small in area at the early sections. 

4 A reasonable amount of research on impellers should fix the 
recirculation losses. 

5 No doubt high-grade designers know most of what. is given 
in this paper but the evidence is that a large number of commer- 
cial centrifugal pumps are still designed by the “whittle” method. 

We propose to check pumps as opportunity occurs, as un- 
doubtedly much more evidence to establish the value of some of 
the factors is needed. But in this case the correlation was good 
enough to encourage the author to present the method for what it 
may be worth. 
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Discussion 


R. W. Aneus.* This paper attacks the centrifugal-pump 
problem from an unusual angle and gives some matters for con- 
sideration. The pump used in the experimental work was of a 
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* design from which high efficiency could not be expected; and it 


actually gave less than 60 per cent, under test. Under such 
conditions the writer does not believe any theory can be satis- 
factorily checked, because the losses are so high. Perhaps the 
author will report later on an efficient pump. 

The author casts doubt on the accuracy of generally accepted 
theories of the centrifugal pump, because he says the calculated 
results do not agree with the test ones, and cites the shutoff 
pressure as an example. It should be pointed out that the 
theory is based on certain conditions assumed to exist in the 
pump and if these assumptions are wrong, then the application 
of the fundamental laws of dynamics to the case will lead to a 
wrong result. But to take the case of the shutoff pressure, 
no one knows what happens in a pump with the discharge valve 
shut, and without such knowledge it is impossible to apply any 
laws to calculate the pressure reached. 

Many years ago the writer worked out a theory which took 
ito account the conditions in the pump when delivering at any 
rate of flow, whether the most efficient one or not. Starting 
with the well-known equation, usually attributed to Euler, 
then the power per pound of discharge per second, put into the 
water is (¢xt2 — cu)/g where w2 and wm are, respectively, the 
rim speeds at the exit and entry of the impeller, and ce and c are, 
respectively, the circumferential components of the absolute 
water velocities just before exit from and entry to the impeller. 

By adding this head, having due regard to signs, to the friction 
losses in the suction pipe, impeller, guide ring, and spiral casing, 
and to the shock losses throughout the pump, a very simple re- 
lationship, in the form of a, quadratic equation, is found between 
the physical dimensions of the pump and its speed, discharge, 
and head. The writer hesitates to give this somewhat long 
expression. The shock losses are not, of course, given by the 
author’s method of taking the square of the difference of the 
absolute velocities, but the square of the vector difference of 
these velocities. This method of approach may be found in 
some old books on centrifugal pumps. 

That the designers of pumps are working on satisfactory theory 
is proved by their product and the writer has found that the so- 
called classical theory has, when properly applied, given accu- 
rate results in many cases he has tried. 

The writer can hardly conceive of the state of affairs referred 
to under the first paragraph on ‘‘Volute Effects.” The word 
“dam’’ seems quite appropriate to the obstruction which pre- 
vents the water leaving the impeller at this point but few pumps 
have such a dam and there seems no reason for it. The ac- 
celerations and retardations of the water leaving the impeller, 
if the author’s theory is correct, would undoubtedly produce 
vibration and trouble. 

There are two sources of loss in the volute; the first is a shock 
loss due to the change in water velocity and direction, and the 
second is the friction loss in a bent channel. Some years ago 
the writer was engaged on the problem of design of an intake for a 
power plant and a brief statement of some of the work done is 
given in a paper by the writer.¢ One form tried was a long, 
straight, submerged pipe, tapered at the outer end, and having a 
slot parallel to the pipe axis along about three quarters of the 
outer length of one side, through which the water entered the 
tube. The entire discharge left through the inner end of the pipe. 
By arranging guide vanes along the slot, and properly propor- 
tioning the latter, the draft per foot length was practically con- 
stant throughout the entire length of the slot. The case is ex- 
actly analogous to the volute and if the design of it is properly 
made the combination of shock and friction losses will make the 
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vol. 46, 1924, pp. 1181-1164. 
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flow per linear inch of opening practically constant, which it 
doubtless is in good pumps. 

Under “Leakage” the author discusses flow through the so- 
called ‘capillary seal,’ which does not exist in most pumps. 
There is usually considerable clearance between the casing and 
the back of the impeller, and doubtless water is whirling in this 
space producing variable pressures through it. These must af- 
fect the leakage but there seems little chance of evaluating these 
pressures. Experience is by far the best guide in this matter. 

The general turbine theory furnishes a good basis for pump 


same machine may often be used as a pump or as a turbine, 
without much change in efficiency. From many tests made by 
the writer he is convinced that the designers of good pumps work 
along reliable theoretical lines; he finds it difficult to work up 
much interest in manifestly inefficient pumps. 


R. M. Warson.® In his paper the author presents an inter- 
esting method of predicting the performance of a centrifugal 
pump. It is, as he says, highly empirical. It appears, however, 
to involve considerably more work than is usually applied using 
the so-called more rational methods based on the classical 
theory. 

It is fortunate that occasionally individuals do rise to challenge 
the design methods based on the classical theory of Euler; such 
challenges force the designers into a more critical analysis of the 
basis of the theory and its use. 

In the introductory paragraph the author states that the 
classical theory is incorrect or at least incomplete. Unfortu- 
nately, this concept has been fostered even by many centrifugal- 
pump and compressor designers who have blindly applied the 
formulas developed for an idealized flow to the actual pump or 
compressor, without consideration of the points of deviation 
which occur. For instance, the classical Euler theory sets up a 
relation between the energy transferred between the impeller 
and the fluid, based on the rate of change of moment of mo- 
mentum of the fluid from the inlet to the discharge of the im- 
peller. The relation is based on the actual absolute velocities 
and radii of the fluid and impeller at the inlet and discharge. 
This relation is absolutely correct, whether the hydraulic ma- 
chine is a turbine, a centrifugal pump, a centrifugal compressor, 
or an axial-flow-type machine. 

Unfortunately, many engineers have applied or rather mis- 
applied this theory by assuming that the fluid flow follows the 
vane angle at discharge and that the velocity distribution is uni- 
form across the vane channel, conditions which obviously could 
hold only for an infinite number of vanes. For a finite number 
of vanes, the pressure difference across the flow channel in 
the impeller, which results from the energy transfer between the 
impeller vanes and the fluid flowing, would naturally deflect 
the flow at discharge in such a direction as to reduce the abso- 
lute velocity and, consequently, the head at discharge. Refer to 
Figs. 12, 18, and 14 of this discussion in illustration of these 
points. This was predicted, based on the Euler theory, by 
Daugherty® more than 20 years ago. This deflection was meas- 
ured and verified by the investigations of Knapp and Binder in 
their work at the California Institute of Technology.7 

Attempts have been made to give mathematical expression 
to the magnitude of this deflection principally based on the 
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7 **Experimental Determinations of Flow Characteristics in Vo- 
lutes of Centrifugal Pumps,’’ by R. C. Binder and R. T. Knapp, 
Trans. A.S.M.E., vol. 58, 1936, pp. 649-661. 
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Fig. 13 


Fie. 15. 


assumption that the flow in a centrifugal pump is irrotational, 
see Fig. 15 of this discussion. Probably the expression devel- 
oped by Stodola is most usable. At other than the design con- 
ditions of the hydraulic machine, the Euler theory could still 
be applied were one to know the true flow conditions rather 
than, as is the usual practice, making simplifying assumptions 
for the purpose of easing the mathematics involved. 
Unfortunately, at a given speed, any design is correct for only 
one rate of flow. As pointed out by the author, the rate of 
change of volute area is either too slow for rates of flow greater 
than design, or too rapid for rates of flow less than the design 
rates. This accounts to a large extent for the rather sharp peak 
at the design point which occurs in the efficiency curve for a pump. 
Incidentally, many designers, in an attempt to make a pump usea- 
ble over a wide range of capacities, frequently depart from volute 
designs which would follow a simple law, to produce efficiency 
curves which are flat over a relatively wide range of flow rates. 
This, in many designs, would account for the difficulty the author 
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had in finding a consistent mathematical expression which the 
volute areas would follow from the tongue to the discharge. 

It is interesting to note that it is frequently easier over a wide 
range of flow to develop an empirical formula to fit the char- 
acteristic of an inefficient pump than that of an efficient pump. 
This is because of the relatively high state of turbulence in an 
inefficient pump which irons out the sudden changes in flow 
patterns in the pump inlet and volute which tend to occur with 
changing rates of flow. Assuming that the tests of the pump 
shown in the author’s Fig. 8 were run at 3585 rpm, we could ex- 
pect about 75 per cent efficiency for a pump properly designed for 
the conditions of service shown rather than the 59 per cent pro- 
duced by the pump analyzed. 

The inefficient pump thus produces a head-capacity curve 
which is much easier to express by empirical mathematics than 
one which is so efficient that the sudden flow changes show up in 
the shape of the characteristic curves as abrupt changes of shape. 

For instance, it is believed that it would be difficult by the 
author’s method or Professor Sherzer’s theory, to which paper (1) 
the author refers, to predict or explain the performance of pumps 
giving the curves of the types shown in Fig. 16 of this discussion. 

While it is not easy to predict the performance from shutoff 
to maximum capacity, a proper understanding and application of 
the classical theory combined with modern theory of fluid flow 
does offer an excellent means for explaining the phenomena ob- 
served and for adopting design features which will produce, 
within limits, various characteristics as desired. 

It should be emphasized here that the classical Euler theory 
is developed for the impeller only. For the uniform discharge 
around the periphery of the impeller, and the normal flow angles 
to be realized, it is important that for each rate of flow the inlet 
angles of the impeller blades should match the actual flow angles, 
and the rate of area change in the volute should match the rate 
of flow. For any actual pump this can occur at only one rate of 
flow and for carefully designed inlets. To apply the Euler theory 
under any other conditions is to ignore the departures from the 
usually assumed flow angles and uniform flow rate which are 
impressed on the flow by the unmatched volute and inlet angles. 

Unfortunately, the paper does not include dimensional data 
on the pump analyzed. This makes the reasoning somewhat dif- 
ficult to follow. 

Equation [1] in the paper is merely the trigonometric relation 
between the various vectors drawn at the discharge of the im- 
peller. It expresses the absolute velocity at discharge in terms of 
the impeller areas, the rate of flow, and the peripheral velocity 
of the impeller. From this relation the author computes the 
“throw-off pressure” as a velocity head multiplied by the density. 
This seems to be the only part of the head developed which the 
author is willing to recognize. This impression is strengthened 
by later comments to the effect that no rise of pressure should 
occur, by the author’s analyses, in the impeller. However, in a 
well-designed normal impeller, the absolute velocity at discharge 
is only about 50 per cent of the peripheral velocity of the impel- 
ler. By the Euler theory this would mean that the head pro- 
duced by the impeller as velocity head only would be only 25 
per cent of the total head developed. This is confirmed by many 
pump tests of the volute pressure at the periphery of the impel- 
ler and by the investigations of Knapp and Binder’ previously 
mentioned. It is also partially confirmed by the observed def- 
ormation between vanes of impeller shrouds which are too thin. 

Due to the absence of numerical data and actual test readings, 
the writer has been unable to follow the analysis in detail to 
determine where the head actually developed came from. Al- 
though the efficiency of the pump was low and the application 
of the author’s Equation [1] seems to have neglected the fact that 
the relative flow departs considerably from the actual vane angle, 
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even then when corrected, it is difficult to conceive of the throw- 
off pressure computed from Equation [2] agreeing as closely 
with the measured. values as indicated by the author’s figures. 

The author’s analysis of the effects of the evolution of air are 
interesting. As he comments, the effect on the pump perform- 
ance is dependent to a considerable degree on the extent to 
which the pump designer considers this factor when laying out 
the pump;inlet passages and shaping the impeller-inlet vanes. 
This evolution of a gaseous phase not identical in nature to cavi- 
tation must be recognized by designers of process pumps for 
petroleum-refinery applications. Most petroleum products as 
pumped by centrifugal pumps are composed of fractions ranging 
from very heavy liquid fractions to very light dissolved gaseous 
components, in varying proportions. The release of these gases 
within the impeller at the inlet is the rule rather than the excep- 
tion and must be considered in the pump design. 

The introduction of a propeller in the pump inlet, particularly 
to improve operation where the energy in the incoming liquid in 
excess of the vapor pressure is low, is interesting. The improve- 
ment resulting from its introduction is understandable as the in- 
let design of the pump illustrated is particularly bad. As the 
pressure drop and the losses at the inlet are proportional to 
the square of the relative velocity between the impeller and the 
liquid, all other factors being equal, one would naturally expect 
the considerable improvement in performance due to the reduc- 
tion of vane velocity at inlet. 

The separate impeller construction was used many years ago 
in some critical applications because the open construction per- . 
mitted careful cleaning and accurate shaping of the cast vanes at 
inlet, an important factor in hot-well-type pumps. However, as 
foundry technique improved, this corrective type of design was 
abandoned 15 to 20 years ago and the separate inlet vanes in- 
corporated with the impeller. That impellers can operate under 
exceedingly difficult inlet conditions is illustrated by the results 
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shown in the designs developed for hot-well service aboard ships. 
There, suction specific speed values in excess of 26,000 (based on 
gpm units for capacity) have been reached, see Fig. 17. 

It is unfortunate that the author appears to have been misled 
by Professor Sherzer’s erroneous attack on the classical pump and 
turbine theory. However, his paper does serve to call attention 
to the fact that pump design is still, to a considerable degree, 
an art rather than a science. It should serve also, through the 
discussion it should evoke, to direct more careful attention to the 
application of the classical pump and turbine theory of Euler 
rather than to an attack on the theory itself. 


AUTHOR’s CLOSURE 


Answering similar points in both Mr. Watson’s and Professor 
Angus’s discussion, the author should perhaps have made himself 
clearer. He is not attacking the classical theory, only the way it 
has hitherto been applied in many cases, and particularly as it is 
applied in most of the texts on the subject. The author does not 
believe he has been misled by Professor Sherzer’s remarks on the 
classical pump-turbine theory, because he is fully aware that his 
proposal for solving the problem was equally erroneous, but he 
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did bring up some points in the discussion indicating how the 
application of the classical theory will get us into trouble. 

The author’s purpose, as explained, is simply to get the de- 
signers to loosen up on what it is they actually do in allowing for 
the changes of behavior from the unadjusted classical theory 
because he cannot find it in the textbooks, and this paper was an 
attempt to needle some of the designers into telling us just what 
they think is right. The author also finds, in the literature, com- 
plete divergence of opinion in the theoretical treatments as to 
whether flow through impeller blades must be treated as rota- 
tional or irrotational. So far as he can learn, neither of the 
methods of approach has, at least in published prints, given us 
the complete answer. 

With regard to the efficiency of the pump used as the single 
example in this case, it might be remarked that the method was 
applied actually to two other pumps and at different speeds, and 
still gave quite a reasonable check. 

With regard to the efficiency of the particular model, the 
author is well aware that much higher efficiencies are obtainable 
in pumps and has in past years tested some of them, but the fact 
remains that pumps of the size under discussion, and as sold com- 
mercially, are as a rule not any better than the example given 
here. For example, a 300-gal pump, 60 per cent; 125-gal, 50 per 
cent; 40-gal, 30 per cent. These are all commercial pumps 
bought in the open market from different makers, and were sup- 
posed to be fitted to the jobs they were to do. There is not much 
gained by talking about high efficiency when the bulk of the 
pumps sold for ordinary purposes do not reach these values in 
this group of sizes. Therefore the pump in question is not a poor- 
efficiency pump—it is on a level with most of the stuff of this size 
being sold. Of course when one gets to a boiler-feed pump, or a 
large circulating pump, the picture is quite different and he should 
expect to get, and does generally get, efficiencies of around 72 to 
75 per cent for the 1000-gal boiler-feed pump, and maybe 78 per 
cent for the circulator. But the fact remains that the small 
pumps are not usually within a considerable distance of these 
values. The author has seen tests on a pump of about the same 
dimensions as the one given in the example, and used for the 
same purposes, in which the efficiency was 78 per cent. This 
pump was really designed for high efficiency. 
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A Study of-the Theory of Axial-Flow Pumps 


By G, F. WISLICENUS,! HARRISON, N, J. 


The essential aim of this paper is to present the theory 
of axial-flow pump runners in as simple a form as possible. 
The results are fairly conclusive in so far as the determi- 
nation of the flow conditions in individual cylindrical 
stream surfaces is considered. In addition, it has been 
found possible to eliminate the controversy between the 
one-dimensional and the two-dimensional theories. The 
question of the method to be employed in building up the 
performance of the machine as a whole is still contro- 
versial and has been presented in this form. 


INTRODUCTION 


XISTING publications on the theory of axial-flow pumps 

or turbines show a sharp distinction between the classical 

or one-dimensional approach and the ‘‘airfoil” or two- 
dimensional approach to this problem. It will be the principal 
aim of this paper to demonstrate that the results of these two 
methods of calculation are essentially the same, provided that 
certain well-established theoretical corrections are applied to 
the two-dimensional equations, in order to take into account the 
interaction of the vanes in the system. It is hoped that the 
natural correlations between these corrections and the familiar 
one-dimensional theory will tend to increase confidence in the 
theory to which they apply. 

Another point of discussion will be the method of building up 
the performance characteristics of the machine as a whole from 
the head vs. through-flow characteristics of the individual 
cylindrical stream surfaces. Several recent publications calculate 
the head as the weighted average of different head values apply- 
ing to the individual stream surfaces. The author has en- 
countered certain logical difficulties connected with this method, 
and has therefore used the method of summing up the flow 
under the assumption that the pump head remains the same for 
all stream surfaces. In spite of practical difficulties connected 
with this method, a sufficient agreement with test results has 
been obtained to warrant using this latter method. 

The theory of axial-flow machines will first be discussed strictly 
on the basis of frictionless flow; that is to say, the influence of 
the vane drag will be considered separately, at the end of this 
paper. The principal reason for this departure from the con- 
ventional form of presentation is that a simpler and at the same 
time more complete presentation becomes possible, since the 
theory of frictionless flow permits the determination of the flow 
for given vane systems, as well as the familiar derivation of the 
vane shape from given flow conditions. , 

The usual application of the theory to the design of new run- 
ners from given operating conditions is of unquestioned value. 
But it is not for this reason alone that the theory of axial-flow 
runners merits investigation. The theory is an indispensable 
instrument for obtaining information on the flow conditions in 
the machine. The relation between theory, flow conditions, 
and the development of new design forms is based on the 
simple consideration that any reasoning on the hydraulic design 

1 Research Engineer, Worthington Pump and Machinery Corpora- 
tion. Mem. A.S.M.E. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of Tur 
AMERICAN SocipTy OF MrcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood individual expressions of their authors and not those 
of the Society. 


of the machine, as well as any theory of the flow in the machine, 
requires a mental picture of the flow and of the action of the 
runner on the flow. Since the theory predicts the performance 
of the machine, it follows that the agreement or disagreement 
between the theoretical predictions and test results proves or 
disproves the validity of the mental picture of the flow. A flow 
picture thus corroborated can then be used as the basis for the 
improvement of existing forms and the development of new 
designs. It is for this reason that the theoretical determination 
of the flow and operating characteristics from the form of an 
existing test runner is considered as the most important object 
of the theory of such runners. 

The present investigation is in agreement with most publica- 
tions on the same subject, with regard to the fact that the flow is 
assumed to proceed through the runner along coaxial cylindrical 
stream surfaces. Only under this condition is it possible to 
consider, in the absence of friction, the relative flow along these 
stream surfaces as an irrotational fluid motion. This means 
that the relative flow through the moving vane system can be 
treated in the same manner as the absolute flow through a 
corresponding stationary system of vanes. 

Of the various points of difference between the one-dimensional 


‘ and the two-dimensional approaches to the theory of axial-flow 


runners, the outstanding contrast involves the amount of-guid- 
ance assumed to be exerted by the vanes. The one-dimensional 
approach is defined by the fact that the flow on the discharge 
side of the vane system is, in the ideal case, assumed to be parallel 
to a suitably defined average direction of the discharge portion 
of the vane. In contrast to this approach, the two-dimensional 
theory is characterized by the calculation of the force action 
between the vane and the average flow, on the basis of theoretical 
or wind-tunnel data pertaining to a single vane in an infinitely 
extended stream. From this force action can be calculated the 
change of the flow and the head of the machine. 


Two-DIMENSIONAL THEORY 


The two-dimensional procedure is exemplified in Fig. 1, where 
the average relative velocity is defined as the vectorial mean 
between the incoming and the discharging flow, and is designated 
by ve. If Lis the force-action normal to this averdge flow, then 
for umit span 


EMP, «cies aasrae tL 


From theory, confirmed by wind-tunnel data 
(Xj: yz ACY COIs SE Aen ae ereong chee {2 | 


where a@ is the angle of attack measured from the direction of 
zero lift. ‘ 

For vanes which do not overlap, a sufficient approximation of 
the zero-lift direction can be obtained by drawing a straight line 
through the trailing edge and through the point A in Fig. 1. If 
the point of maximum camber lies in the leading half of the vane, 
this point A is the point of maximum camber,? otherwise point A 
is to be located at the center of the mean camber line of the vane. 


2 Defined as the point where the distance from the mean camber 
line to the chord reaches a maximum. ‘The mean camber line and 
chord are understood to be drawn in accordance with the established 
practice of the N.A.C.A. 
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Fig. 1 


If the vanes overlap, the leading part of the vane has less 
effect on the vane action than it would have if the vanes were 
widely spaced. This fact can be taken into account to some 
extent by drawing the zero-lift line according to the simple rule 
exemplified in Fig. 2. 

From the change of the peripheral momentum of the flow 


Ly — AVgVapt ee eC ON eee (3] 


where Ly is the peripheral component of ZL for unit span. 
It is seen that 


Va 
1 FS iret Sr Bete nea e [4] 
Veo 
consequently 
2AVy t 
ers 7 5 = 2nsin a Rese one eh [5] 


This equation relates the deflection AVy to the average flow 
Vo, to the ratio of vane spacing to vane length, ¢/l, and to the 
inclination @ of the vane to the average relative flow. 

Since only t/l and @ represent the form of the vane system, 
the latter may be replaced, hydraulically, by a system of straight 
and paralleb vanes, related to the actual vane system, as shown 
in Figs. 1 and 2. With this simplification in mind, it is then 
possible to compare the two-dimensional theory, Equation [5], 
with the one-dimensional assumption that the relative discharge 
velocity v2 is parallel to this straight vane. The logical basis of 
the comparison is that the two theories must not give contra- 
dictory results. More specifically: the results of the two- 
dimensional theory must consistently approach those of the 
one-dimensional theory as t/l approaches zero. 

Here an apparently paradoxical situation is encountered. If 
Equation [5] is rewritten in the form 


AVyu Oe Bian EE {6] 


it is seen that for infinitely close vane spacing, i.e., for ¢ = 0, 
a must also become zero, since otherwise the deflection AVy 
would become infinite. However, a = 0 means that vo and not 
v. has the direction of the vane; and that the flow is deflected, 
according to the two-dimensional theory, more than predicted 
by the one-dimensional theory. 

In order to eliminate this contradiction, and thereby bridge 
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the gap between the two-dimensional and the one-dimensional 
approaches, the foregoing equations must be changed. Physically, 
it is most natural to reason that the vane in the system cannot 
have the same characteristics as the same vane in the corre- 
sponding position in an infinitely extended stream. This means 
that Equation [2], which applies to the latter case, must be 
changed to apply to the vane in the system. The change is 
expressed by the “‘lattice-effect coefficient’? K, defined by the 
relation 


Cy Sr Ke Sin atau e hate eo ee (7] 


Then Equation [5] becomes 


or 


Brey3 


For the limiting case represented by the identity of v, and the 
direction of the vanes, Fig. 3, the relation 


Vo SIN @ ; 
lim - =i 0 see. See [9] 
t 0 AVu 
L 2 
may be derived; and, by comparison with Equation [8], it is 
seen that 
lim Le) ae 
t 4 ies 
ae 
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or 
t 2 
lim K =— Magee Sacha ele sew es [10] 
t l rsin B 
ei) 
l 
Equations [9] and [10], when written in the forms 
Oe SIN: =e SIT On eve ee asi: [9a] 
t 2 
and Kea SEE OC RD ota One [10a] 
l «sin 6 


may be considered as the one-dimensional approximation for the 
flow conditions in systems of straight and parallel vanes. This 
approximation for the lattice-effect coefficient K is represented 
graphically by the straight lines in Fig. 4, but is obviously 
correct only for small values of t/l. The actual shape of the 
curves of K as a function of t/] may now be estimated by the 
condition that these curves must approach their one-dimensional 
approximations for small values of ¢/l, and the line K = 1 for 
large values of t/l. This reasoning is confirmed by the exact K 
curves which are shown in Fig. 4, for 8 = 20 deg and 6 = 70 deg, 
in relation to their one-dimensional approximations. A complete 
set of K curves, whose theoretical derivation is given by Weinig 
(1), is given in Fig. 5. : 

It is of interest to note that the exact theoretical values of K 
are never higher than their one-dimensional approximation. 
This means, physically, that the flow through a system of straight 
and parallel vanes is never deflected more than predicted by the 
one-dimensional theory. The strict proof of this important fact 
lies, of course, in the theoretical derivation of the K curves. A 
far simpler and more plausible demonstration, however, may be 
derived from the well-established ‘“‘Joukovski condition” which 
states that the flow about a vane or airfoil is deflected to such a 
degree that it leaves the trailing end of the vane smoothly, i.e., 
in the direction of that part of the deflecting surface. 

It is then clear that, in the immediate vi- 
cinity of the trailing edge, the theoretical 
direction of v2, always coincides with the di- 20 
rection of the vane, and the local value of 
AVy can be determined by that condition. 
The deflection AVy, however, is produced 
by the vane, and must therefore be expected 
to be lower at a greater distance from the 
vane. Consequently, the average value of 
AVy will be smaller than its local value at 
the vane discharge edge, so that the average 
flow is deflected from its initial direction, 
v,, somewhat less and never more than : 
dictated by the direction of the trailing edge Vo 
of the vane. The deflection, calculated by 
the one-dimensional condition that the aver- | 
age flow leaves the system in the direction 
of the vane, is therefore the greatest pos- 
sible deflection and is reached only as a 
limit for very closely spaced vanes. The K Os 
value, which according to Equation [8] is 
proportional to the average deflection AVy, 
is therefore less than, or for small vane spac- 
itg equal to, but never greater than its 
one-dimensional approximatiop. This con- 


45 


K 


453 


The foregoing considerations, and the diagram in Fig. 5, show 
that the correction of the lift coefficient by the lattice-effect 
coefficient K is a matter of importance and cannot be disregarded 
even for approximate calculations. In the first place, the de- 
partures of K from unity are quite large, in particular in the 
vicinity of t// = 1. Then, even according to their one-dimen- 
sional approximation, the K values are, within a large range of 
practical importance, well below unity, which means that in this 
range the assumption K = 1 would lead to greater deflections 
than the one-dimensional theory. This, however, is the very 
case which was shown to be incompatible with the Joukovski 
condition. 

Form of Vane System. It is generally known that the fore- 
going equations can readily be used for finding the form of the 
vane system from the flow or operating conditions. The method 
of solving this problem is essentially the following: 

The vane thickness can be taken into account by the following 
simple approximation: A ‘‘thickness reduction ratio’ C;, which 
is assumed to be constant throughout the system, is derived from 
the relation 


where 7 is a mean value of vane thickness, measured as shown in 
Fig. 1. Then, if V, is the through-flow velocity between the 
vanes, and Vao is the velocity before and in back of the vanes 


where Vap is calculated from the continuity relation 
Tv 
Vao = Q/(Don? — D,?) A 


Here Dop is the outside diameter, D, the hub diameter, and Q is 
the rate of through-flow in volume per unit of time. 

For all subsequent considerations, however, it is possible to 
make the simplifying assumption 


firms the theoretical results for K. 2 


3 Numbers in parentheses refer to the Bibli- 
ography at the end of the paper. 
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Voz = Va = const 


that is, to use for the axial-velocity component the same value 
before, between, and after the vanes. 

The relation between AVy, H, and U is given by the Euler 
equation 


H AVyl 
Se Se ore OnE (13] 
Th g 
where 7, is the ‘“‘hydraulic efficiency’? of the machine. Thus 


the form of the velocity diagram is determined, since U, V4, V1, 
and AVy are given by the impeller inlet and operating condi- 
tions. It is now possible to design the vane shape in such a 
manner as to satisfy this velocity diagram. 

From Equation [5], C; may be derived by assuming a value 
for t/l; or t/l may be calculated by assuming a value for Cz, 
from wind-tunnel tests. 

The angle of attack a may now be determined from Cz accord- 
ing to Equation [7]. In order to determine in this equation the 
coefficient K (from the diagram, Fig. 5), it is first necessary to 
estimate 6, which is slightly greater than B,, (known from the 
velocity diagram). 

From the final value of @ is derived the vane angle 8 = 6, 
+ a, which determines the zero-lift direction of the vanes (see 
Fig. 1). The curvature of the vanes may be chosen so that the 
direction of the leading portion matches the direction of the 
relative inlet velocity, v. 

Flow for Given Vane System. For frictionless flow, it is possible 
to solve explicitly the inverse of the foregoing problem, that is, the 
problem of finding the flow (deflection) for a given vane system. 
The analysis can be presented and solved in two different forms: 

1 The vane system and the direction and magnitude of the 
inlet velocity Vi, as well as U, are considered to be given. The 
problem is that of finding the resulting deflection AVy of the 
flow. The zero-lift line may be drawn as shown in Fig. 1 or 2. 
For the vectorial distance AVy* from the end of »; to the zero- 
lift direction, Fig. 1 yields the equation 


AVu 
2 sin 8 


v.. SMa 


or 


AVu* 
a u alee Ae Tia] 


2 Ve Sin a 1 4y 
AV y/2 /sin B 


However, by using Equation [8], Equation {14] can be written 
in the form 


It is seen that all variables on the right side of this equation 
are given by the form of the vane system and the inlet flow condi- 
tions. Equation [15] can therefore be solved for AVy explicitly. 

2 It is possible to determine the relation between the de- 
flection AV, and the through-flow velocity V, for a given vane 
system. That is to say, a local head vs. through-flow curve 
can be derived for any given cylindrical section through the 
runner. It is possible to determine these local head vs. through- 
flow relations directly for zero head and for zero through-flow 
(see Fig. 6). V, for zero head is identified by the point of inter- 
section C of the zero-lift line with V;. For V, = 0, a = 8 and, 
consequently, from Equation [8] 


ot 
Or 


FOR ZERO HEAD 


Va 


Fie. 6 
From the velocity diagram 
AV 
Re ia =U mee 5, RANA Ree [17] 


Equations [16] and [17] determine point B. The zero-lift 
line (angle 8) is determined by the form of the vane section con- 
sidered, while the direction of the inlet velocity (angle @) must 
be assumed to be given by the form of the stationary inlet 
passages. It is then possible, for any value of V,, to draw a line 
parallel to U, whose intersection with CB is the point D, while 
its intersection with V; is the point L. The line LD = AV,/2 
determines AV y, and thereby the head for a given value of V, 
in the section considered. 

If the direction (0) of the inlet velocity (Vi) is constant, point 
D falls for all values of V, on a straight line connecting C and B. 
This is seen to be true by referring to Fig. 1, where it is clear that 
AVy* changes linearly as a function of Vz. From Equation [15], 
however, it is seen that AV y is proportional to AV y*, and, conse- 
quently, AVy has been proved to change linearly with V,. The 
head of the machine varies with AVy, and is thus shown to have 
a linear relationship with V4. 

With a definite value for V, at zero head, and a definite value 
of the head for zero through-flow, the straight-line characteristic 
describing the variations of the head as a function of the through- 
flow velocity is then determined for every cylindrical section 
considered (see Fig. 7). 


OnE-DIMENSIONAL THEORY 


The derivation of the flow in individual cylindrical sections 
which has just been described could also have been accomplished 
on the basis of the one-dimensional theory. Departures of the 
flow from the direction of the trailing edge of the vane can be 
expressed by a correction factor Cy which modifies the Euler 
equation in the form 
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HEAD VS. Va LINE FOR 
OUTERMOST CYLINDR. SECTION 


HEAD INTEGRATION 
ALONG LINE Yq = const. 


Q 
Nt 
y 
AE THROUGH -FLOW 
INTEGRATION 
ALONG LINE H «const. 
HEAD vs. v@ LINE 


FOR HUB SECTION 


LOCAL THROUGH-FLOW VELOCITY Va —= 


Fie. 7 


where Vu." is defined by the fact that the corresponding relative 
velocity is parallel to the direction of the discharge portion of the 
vane (see Fig. 1). In general, this correction factor is deter- 
mined empirically. It is, however, also possible to determine 
it on the basis of the results of the two-dimensional theory, in 
analogy with the method of determining K. 

The first approximation of K was obtained by equating the 
results of the two-dimensional theory to those of the one-dimen- 
sional theory, putting the correction factor of the latter, Cx, 
equal to unity. This first approximation of K, however, was 
improved by the exact solution of the two-dimensional flow 
through a system of straight and parallel vanes. With these 
improved K values, it is then possible to determine the correction 
factor Cy of the one-dimensional theory, that is, by the inverse 
of the process by which the first approximation of K was origi- 
nally obtained. 

Equation [18] may be written in the form 


Th 


where AVy* = Vu2* — Vu, while AVy is the corresponding 
actual value of the change of the peripheral fluid velocity. But 
by using Equations [15] and [19], it is seen that 


The results of this equation are plotted in Fig. 8. It is seen 
that for low values of t/l the correction factor approaches unity, 
which is logically consistent with the fact that friction is not 
taken into account, so that the limiting case of t/1 = 0 represents 
the ideal one-dimensional case. 

Since these Cy values are derived: from the two-dimensional 
theory by using theoretical K values, it follows that they apply 
directly only to systems of straight and parallel vanes, because 
only for this case are the theoretical K values strictly applicable. 
It is possible, however, to use these Cy values for other vane 
forms, provided that the average direction of the discharge 
portion of the vane is chosen to be equal to the zero-lift direction, 
as in Figs. 1 and 2. 

The Cy diagram shows clearly that the one-dimensional 
theory in the form just stated applies with little or no correction 
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as long as t/1 < 1. For wider vane spacing, this theory is less 
advantageous, but can still be employed when using the Cy 
factors given in the diagram. This does not mean that the two- 
dimensional theory becomes unnecessary, because the Cy, values 
were derived on the basis of the two-dimensional theory. Using 
the K factors and the Cy factors, respectively, the two-dimen- 
sional and one-dimensional equations yield exactly the same 
results. 


Derivation oF Herap-Capaciry Curves or Macuine From 
CHARACTERISTIC Lines OF INDIVIDUAL FLow SECTIONS 


It has been shown that apparently conflicting theoretical treat- 
ments of the flow in the individual sections can be brought into 
satisfactory agreement. The resulting theory is not only simple 
and logically consistent, but it also is in reasonably good agree- 
ment with test results. No such satisfactory statement can be 
made as yet concerning the problem of deriving from the charac- 
teristics of the individual flow sections the performance of th 
machine as a whole. : 

At this point, it is well to consider the fact that the head may 
vary as a function of two variables, namely, the rate of through- 
flow and the distance r from the center of rotation in the runner. 
(This fact is demonstrated by Figs. 10 and 11.) Variations as a 
function of the rate of through-flow were previously discussed, 
while in the following sections the variations as a function of r 
are of major importance. ‘‘Constant head” or ‘‘variable head”’ 
therefore refers in the following discussion to the latter variation 
over the cross section: 

In some publications, notably those by O’Brien and Folsom 
(2), and by Wattendorf (3), the head of the machine is calculated 
as the average of different head values produced by the various 
cylindrical sections through the runner; only at the “design 
point” are these values assumed to be equal at the same through- 
flow velocity, V,. Away from this point, the head is averaged, 
by multiplying each local head value by the narrow ring cross 
section to which it applies. 


OD TOD 
w (Top? — Thu? )H = H,da = if H,2xrdr ... [21] 
r 


hub hub 


The through-flow velocity is assumed to be constant over the 
impeller cross section. This approach can best be represented 
by a vertical section through the bundle of local head vs. through- 
flow curves in Fig. 7. 

The differences in pump head which are averaged by Equation 
[21] may be quite large. For approximately constant energy 
distribution at the inlet side of the runner, correspondingly large 
head or energy differences must be assumed to exist in the stream 
leaving the impeller. If the capacity differs appreciably from 
the design conditions, these theoretical energy differences may 
well exceed the velocity head of the average through-flow. In 
this case it becomes difficult to understand how this stream can 
form, further away from the runner, a flow of approximately 
constant energy. While such head differences between the 
individual vane sections have been observed by means of pitot- 
tube measurements, the resulting head of the machine did not 
seem to be consistent with the results obtained according to 
Equation [21]. 

A more serious difficulty arises from the question of whether 
the variations in pump head assumed by this theory are com- 
patible with the requirement that the differences in static pres- 
sure over the cross section must be in equilibrium with the centrif- 
ugal forces of the rotating fluid masses. It will now be demon- 
strated that for a flow of constant angular momentum at one 
side of the runner (this includes the case of zero rotation), the re- 
quirement of equilibrium of radial forces is satisfied only if the 
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head produced along all the cylindrical stream surfaces of the 
runner is the same. The only exception to this rule will be seen 
to be the fictitious case that the fluid leaves the runner at a rota- 
tional velocity equal to the runner velocity (Vy U); that is, 
the whole mass of fluid leaving the runner rotates as a solid body 
at the velocity of the runner. This case, however, is not realized 
in axial-flow pumping machinery. 

Assuming cylindrical flow, any differences in static pressure 
between various cylindrical sections must be caused by or be in 
equilibrium with the centrifugal forces of the fluid rotating about 
the axis of the machine. With reference to Fig. 9, the equilibrium 
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so that 
Vu2?'— Vui? 
Ah, = H—-— Seer ee he [27] 
29 
Then 
dAh, dH Vaz dVuz Vu dVu\ — Vo22—Vu)? 28] 
dr dr i (eho ip Mahe gr 
For each cylindrical section, the Euler equation becomes 
H =~" (Vn—Vo) 
g 
and 
dH dV u: LV 
ed a eg ra eg 9 “,( a) ee) 
dr g g dr dr 


By substituting the last expression into Equation [28], it is 


seen that 
© Vo, — Vu) + Wa (et_ Ves) aVen(or Von 
g dr g g dr g g 
. Vow Ve 
gr 
Vuz Ve dV U2 J dV. 
”® or — Vor) — — (or — Vor) + —? (wr — Vox) — — (wr — Vn) = 0 
r r dr dr 
Fie. 9 Wu. Vu: F > 1V Vi : : 
' <2 4 2) (UU — Vos) —(— +) von =.0 
. dr r dr r 
between the radia] pressure increase and the centrifugal force H ... [30] 


may be expressed 


dp 7 2 
pt dr} (r + dr)\da — pdrda — prda = prdadr — 
dr r 
or 
1 Vy? 
Se eS Cd tel a eae [22] 
dy r 


Dividing both sides by y gives the change from pressure to static 


head. Then at the impeller inlet 
Ths Vu? 
ee re Ae ey [23] 
dr gr 
and at the discharge 
Wists Vue? 
pe OE pk bee OR [24] 
dr gr 
Therefore 
Greta — Ieets) _ Blas Vin = Via (25 
dr dr gr 


The total head H is the sum of the static head change Ahst and 
the velocity-head change Ah,,. 


bie CRE HWE 
Ah = 
2g 
but 
= Vine At Vy? 
Vii = Vo? + Vy? 
Consequently 
Vir ee 
is = ee ee ee [26 | 
29 


This equation describes the condition for equilibrium between 
the centrifugal forces and the pressures in axial-flow machinery, 
under the restriction that the equilibrium must be satisfied on 
one side of the runner (see Equations [23] and [24]). 

For constant angular momentum at the inlet 


Vur = const 
Consequently 


d(Vur) = 0 


dV 

: U1 Ht Vu. =0 
dr 

dV V 

GFT: Le 9) bee ETN Me [31] 
dr ih 


With the exception of the fictitious case mentioned previously 
it can be said that 


U — Von = vy, £0 


Substitution of Equation [81] into Equation [30] therefore leads 
to the relation 


dV v2 


dr r 


Vue 


By subtracting Equation [31] from Equation [82], it is seen that 


d(Vc2 — Vu) 4 Vuz— Vu e 


0 


dr r 


d A Vu A Vu 
dr (7 
so that by integration 


const 


loge AVy + loge r 
AVy Mie 


const 


WISLICENUS—A STUDY OF THE THEORY OF AXIAL-FLOW PUMPS 


Consequently 
= 


const 

It is thus clear that under the assumption of cylindrical flow 
and for constant angular momentum (including the case of zero 
rotation) at the inlet or discharge side of the runner, the equilib- 
rium of pressure differences and centrifugal forces demands a 
constant value of the pump head. 

In view of this result and the previously mentioned difficulties 
connected with the assumption of constant through-flow velocity 
but differing pump heads for the various flow surfaces, the author 
has investigated the calculation of the pump performance on the 
basis of a constant pump head for all cylindrical stream surfaces. 
This approach may be characterized by using horizontal sections 
through the bundle of local head vs. through-flow curves in Fig. 7. 
It is seen that for all capacities away from the design point, the 
through-flow velocity V, will vary appreciably over the runner 
cross section. This fact has already been pointed out by 
Pfleiderer (4) and Spannhake (5). ; 

The resulting head-capacity curves are obtained by an integra- 
tion of the through flow with a constant head for the entire 


cross section of the runner 
OD 
a Vigd 2) 5 es oe [33] 
hub 


and may therefore be obtained as the area ander the curve of 
V, plotted against 7”. 


ors 


Ve Dit dhe 
hub 
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In order to establish the total head-capacity curve, this process 
is carried out for two different head values, as shown in Fig. 10.4 
For practical reasons of integration, the larger head value is 
selected as the head produced at the hub at V, = 0; the smaller 
value is chosen as zero head. Through the two points obtained 
in this manner can be drawn the ideal straight-line characteristic 
of the machine. The fact that straight-line characteristics for 
the individual impeller sections lead to a straight-line charac- 
teristic for the impeller as a whole can be proved by considering 
that the local changes in V, for a constant change in head are 
the same for every point along the local head vs. through-flow 
curves. Consequently, the average change in V, for a given 
change in head is constant along the average head-capacjty curve, 


4 This represents a three-dimensional plot whose co-ordinates are 
V,/U, the head at any particular cylindrical section, and the radius 
squared. 
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since it may be obtained by integration of the local changes in 
V, plotted against r?. 

The method described here encounters serious difficulties in 
the case of horizontal or rising-head vs. through-flow curves 
for the individual flow sections. Such a rising curve is obtained 
with conventional vane design only with a strong prerotation 
of the fluid against the runner motion. It may be concluded 
from Fig. 6 that, if the inlet-flow angle @ becomes larger than the 
angle 90 deg — 6, then AVy increases instead of decreasing with 
increasing V,. Such a condition would presumably occur near 
the hub, where U is a minimum and, according to the momentum 
law, Vu; is a maximum. If in the outer sections the local head 
vs. through-flow curve is falling, and near the hub it is rising, 
somewhere there exists a radius 7, at which the curve is hori- 
zontal. The difficulty of solution is connected with the fact 
that for all head values which differ from that of this horizontal 
curve, the through-flow velocity V, at that radius becomes 
infinite. The determination of the average value of V, there- 
fore involves an integration over a region of infinite values, as 
shown, for instance, for zero head in Fig. 11. In many cases, 
such an integration is theoretically quite possible because of the 
cancellation of the positive and negative areas. But the result 
has no physical meaning, since the actual through-flow curve in 
this range cannot be even approximated by the theoretical curve. 

The only possibility of practical calculations consists of as- 
suming for the region inside of an arbitrarily chosen radius r,, 
greater than r,,, an average through-flow velocity. The location 
of r, relative to 7,, must be considered as an empirical coefficient, 
to be determined by comparison with test results. Reasonable 
results have been obtained by giving to the ratio (r,2 — r..")/rop? 
values in the vicinity of 0.06; but the data available are as yet 
insufficient. The average velocity assumed in the region inside 
of r, is the average velocity obtained by integrating over the 
region outside of r,. 

It is preferable to carry out the determination of the average 
V, value for H = Oand H = H,.,, as shown in Fig. 11; the latter 
being the only value for which the V, integration can be carried 
dut with finite values of V, over the entire impeller area. , 

There exists another difficulty in connection with prerotation 
(fluid rotation at the inlet side) with or against the direction of 
the runner motion. Unless the fluid is guided by vanes up to 
the immediate vicinity of the runner, the distribution of the 
peripheral velocity of the fluid must be derived by theoretical 
means, for instance, by the law of constant angular momentum. 
The axial velocity component, on the other hand, is determined 
by the runner action and its distribution is assumed to vary for 
different capacities. The ratio between the peripheral and axial 
components of the inlet velocity Vi and, therefore, the direction ¢ 
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of this velocity must, consequently, be different for different 
operating conditions. 

Since the theoretical determination of the runner action 
requires a knowledge of the direction of the incoming flow, it is 
necessary to determine first the direction 6 of Vi, under the 
assumption of a uniform distribution of V,, and to assume that 
this direction is constant for all operating conditions. The error 
introduced thereby is not serious in the vicinity of the point of 
normal operation, where V, does not vary a great deal over the 
cross section of the runner. Under other operating conditions, 
however, it becomes necessary to approach the final result by a 
method of iteration. In this case, the velocity distribution ob- 
tained under the assumption of a constant value of @ constitutes 
the first approximation and can be used to determine the varia- 
tions of 6 under the assumption that Vui satisfies the law of 
constant angular momentum. The @ values, thus determined, 
will lead to a new distribution of V,, which forms the second 
approximation. Sometimes, however, this process does not 
converge. In this case it is necessary to estimate the @ value to 
be somewhere between the first and second approximations, and 
to check whether the estimated @ value is reasonably consistent 
with the resulting V, values. 

In concluding this part of the discussion, it must be noted that 
the two methods of building up the total head-capacity curve 
do not yield the same results. It can be seen in Fig. 10, that the 
plane surface, ABCD, represents the average head-capacity 
curve, according to the method which consists of averaging the 
through-flow. In the uppermost horizontal section shown, 
the negative area AHF must, under this assumption, equal the 
positive area DFG. Since the local head vs. through-flow curves 
are not parallel, so that, for instance, the ratio AH/AJ is not equal 
to the ratio DG/DI, it follows that the area A/F cannot cancel 
out against the area FDI. Consequently, if the line AFD 
represents the average of the V, values, it cannot at the same time 
represent the average of the head values. Merely for simplicity 
of representation, this is shown in the diagram for the shutoff 
head; but it could have been demonstrated in the same manner 
for any other point of the resulting head-capacity curve. 
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INFLUENCE OF VANE DrRacG 


Since the influence of the friction or vane drag was omitted 
from the preceding considerations, it is now necessary to express 
this influence in such a manner that it can be calculated sepa- 
rately as a correction factor. This is made possible by the use 
of Prandtl’s ‘6) equation for the efficiency of propellers. With 
reference to Fig. 12, it is seen that the peripheral force is 


Without friction drag Fup 
With friction drag Fur 


= Lsin 6B, 

= Lsin 6, + Dcos B, 

The torque increase due to friction is therefore expressed by the 
ratio 
My _ Fur ee Lsin 8B, + Decos Bj 
Me oo Pug L sin Bo 


eee eae Meee 
Cr 
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where D/L has been replaced by the corresponding ratio Cp/Cy. 
The corresponding relations for the axial force or thrust of the 
runner are 


Without friction drag Fao = L cos Bo 
With friction drag Fir = Leos Bo — Dsin B, 


The reduction of the thrust under the influence of friction is 
expressed by the ratio 


For _ 
Fao a 


rs) een Ie i 2 ¢ 
Bt imate ries 2 


L cos Bo L 


Equation [34] is of course equally applicable to pumps or pro- 
pellers, while the thrust correction expressed by Equation [85] is 
of direct significance only for propellers. However, it can be used 
for pumps if the calculations on the influence of friction are 
limited to the static head or pressure increase produced by the run- 
ner. This is a reasonable assumption, since in an axial-flow 
runner the static head is by far the larger part of the total head. 
In addition, it can be shown that the effect of friction on the 
velocity head consists of an increase in the peripheral component 
of the fluid velocity, which is not likely to be converted efficiently 
into useful static pressure. Near the impeller the increase in 
peripheral momentum is represented by a rather abrupt irregu- 
larity in the velocity distribution in the wake of the vanes; and 
it is only at a great distance away from the impeller that this 
change in momentum will affect the whole flow. Then, too, at 
least for the case of a vane diffuser, it is not reasonable to expect 
a very high efficiency in the recovery of the peripheral component 
of the flow. The approximation proposed here may actually 
prove to be better than the relation which would take into account 
the change in the velocity head. 

Disregarding in first approximation the lack of uniformity of 
the discharge velocity v2, the axial momentums of the flow entering 
and leaving the runner are presumed to be equal, as in the case 
of frictionless flow. Then, since there isno momentum force act- 
ing in the axial direction, the axial component of the force 
action is given by the pressure difference across the vane system, 
in the form 


Bi = (No — Pom PE ADE. vets cuiieis esters [36] 
and, consequently 
Por Abr [37] 
Fool hoe aa ee ee 


-It should be noted that the actual pressure increase will ap- 
proach this value of Apy as one goes sufficiently far away from 
the discharge of the impeller, since the static pressure will ap- 
proach the value assumed as the velocity distribution becomes 
more uniform. 

Since the absolute velocity does not change very much in axial- 
flow runners, it is permissible to use the approximation 


Apr _ Hr 
Apo Ho Cr 


expressing the head decrease due to friction. This head ratio is 
obviously the theoretical approximation of the familiar ‘‘hydraulic 
efficiency” 7, of the runner vanes alone. 

Equations [34] and [38] permit the correction of the torque 
and the head to account for the effect of friction drag; on the 
other hand, they permit the calculation of the ratio Cp/C, from 
the test and theoretical results of existing pumps. 
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According to the foregoing relations, the efficiency of the 
runner is 


1 == Lambe 
ai Hy Mr 7 Cr [39] 
n He $ M, Gee i 
1 + — cot Bo 
Cr 


which is the well-known Prandtl formula for propeller efficiencies. 

No complicated calculations are justified for obtaining a better 
approximation for the influence of friction in pump runners, 
since the flow conditions, in particular the boundary conditions, 
are different from those in the wind tunnel. For example, the 
existence of a radial motion of the boundary layer has been 
demonstrated by Weske (7). The motion is likely to have a 
significant effect on the drag coefficient of the vane section con- 
sidered. Values of Cp/C, obtained in the wind tunnel can at 
best be considered as a very crude.approximation for the condi- 
tions in the runner. If, on the other hand, the ratio Cp/Cy is 
determined by means of Equations [34] and [38] from pump test 
data and theoretical analyses giving Ho and Mo, then these equa- 
tions become part of the definition of Cp/Cz, thus determined. 
This condition eliminates to a large extent the approximate 
character of the equations derived here. 

Since accurate calculations on friction do not seem possible, 
one is also justified in applying Equations [34], [88], and [39] to 
only one cylindrical stream surface of average radius, where 


Top” — Tavg” = Tave? =, Thub? 
2 Top? + Thub? 
hence Tave? = Sa pera 


and in applying the results containing Hy/H»o, My/Mo, and 7 to 
the runner as a whole. 

If there is reason to consider the velocity head due to friction, 
its effect can be expressed by a correction coefficient in Equation 
[38], in the form 


where, according to the theoretical consideration of the mo- 
mentum relations involved 


TAG NO) NCES wear oa ae TES OID [40] 


It is seen that this coefficient can theoretically become negative, 
which means that the increase in velocity head due to friction 
outweighs the reduction in static head, as expressed by the 
Prandtl formula. ; 


COMPARISON BETWEEN THEORY AND TEST RESULTS 


The theoretical approach discussed here has been compared 
with a large number of test results. The runners used for the 
comparison included three widely differing vane shapes with a 
varying number of vanes, as well as modifications of the vane 
steepness. Fig. 13 shows a typical comparison. The essential 
result is represented by the difference A between the ratio H/Htn 
and the measured efficiency 7. Part of the difference between 
the actual head H and the theoretical head Htn may of course be 
explained by the head losses in the machine. The ratio H/Hin 
would be the efficiency if these losses were the only losses in the 
machine and if the theory were to represent the flow conditions 
(without losses) exactly. The actual efficiency 7, on the other 
and, expresses the head losses in addition to the leakage losses 
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and that part of the shaft torque which is not converted into 
hydraulic head. The difference A between the ratio of actual 
head to theoretical head and the efficiency, consequently, de- 
scribes those losses which are not head losses, i.e., those losses 
which are primarily due to an increase in torque beyond what is 
really used for pumping. Shortcomings of the theory are also 
reflected in the value of A. Under the assumption that the 
losses, other than head losses, do not vary a great deal, it appears 
justified to judge the consistency of the theory by the consistency 
of the A curves. 

The variations in the A curves constitute a confirmation of the 
theory, to the extent that these variations are in percentage 
smaller than the theoretical variations of the lattice-effect 
coefficient K used in the derivation. The agreement becomes 
progressively poorer with rotation at the inlet side of the runner, 
in particular with negative prerotation, where singular velocity 
conditions are encountered near the hub. Where there is pre- 
rotation, successive improvements of the agreement are obtained 
by the process of iteration previously discussed. This relation 
is demonstrated in Fig. 14, which shows the comparison between 
test results and the first and second approximations based on 
the integration of the through-flow, as well as the theoretical line 
obtained by integrating the head. The difference between these 
approaches is clearly expressed by the form of the resulting 
A curves. 

The case represented in Fig. 14 appears to confirm the method 
of through-flow integration rather than that of head integration, 
particularly because of the negative A values obtained by using 
the latter method, indicating imperfections of the theory. This 
conclusion, however, is in no way final. In the first place, the 
A curves obtained by the through-flow integration are not 
always as consistent as those obtained in this case. As a matter 
of fact, the comparison of the over-all performance, Fig. 14, 
showed a marked contrast to the comparison between the theo- 
retical velocity distribution and that obtained by Pitot-tube 
measurements of the same runner, as shown in Fig. 15. Here the 
change in the peripheral velocity AVy is shown for the two 
methods discussed, and compared with test results. It is seen 
that the actual velocity distribution approaches the theoretical 
curve obtained under the assumption of constant through-flow 
distribution and, consequently, different head values for the 
different cylindrical stream surfaces. This result, in contrast to 
the previously mentioned comparison of the over-all perform- 
ance, was the basis for the earlier statement that in at least one 
case the measured velocity distribution confirmed the assumption 
of different local head values, but that the resulting head does not 
confirm the method of integration expressed by Equation [21]. 

It must be noted that comparisons between theoretical and 
actual velocity distributions do not always have the charac- 
teristics shown in Fig. 15. For instance, in Fig. 16 are shown 
corresponding results obtained with a different rynnér. Here the 
comparison between test results and theoretical results, derived 
under the assumption of constant head for all stream surfaces, 
is carried out for two different pump-head values. In this case, 
the agreement is close, with the exception of the outermost stream 
surface, where the test value of AVy abruptly increases to a 
higher value than the theoretical value. This section is quite 
close to the outer periphery, and the discrepancy may be caused 
by the end conditions of the vanes, for instance, the influence of 
friction on the casing walls, or the radial motion of the boundary 
layer. 

It is of considerable interest that the differences between the 
theoretical discharge velocities and those actually observed by 
pitot-tube measurements are reasonably well in line with the 
theoretical direction of the relative flow of the particular vane 
section considered. In other words, present results seem to 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1945 


THEOR 44, CURVE 
FOR CONSTANT HEAD 
—— 4 i Fs const 


THEOR AY, CURVE FoR 
UNIFORM THROU ii -FLOW 
(TY _BUTION 


a eo 


> | 


ag 
. 


Fie. 15 


PITOT-TUBE 


TEST RESULTS | THEORETICAL Aly CURVES 


FOR CONSTANT HEAD 
ay «TF = const 


Fig. 16 


indicate that the individual cylindrical stream surfaces actually 
operate very close to their theoretical head vs. through-flow 
characteristics. The discrepancy between the theory and test 
results appears to be connected mainly with the combination of 
the action of the individual flow sections into the performance of 
the pump as a whole. This situation seems to be in complete 
agreement with the fact that the flow of a frictionless fluid 
through the individual cylindrical sections can be handled 
theoretically in a rather conclusive manner, while the theoretical 
problem of combining these characteristics into the three- 
dimensional flow picture of the machine as a whole presents 
considerable difficulties. 
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Discussion 


W. H. Cuurcu.® Having checked the equations given in this 
paper, the writer finds that they seem to be mathematically 
correct. It may be of interest to those not familiar with F. 
Weinig’s booklet® to have equations from which the lattice- 
effect coefficient K, as given in curve form (Fig. 5 of the paper) 
can be calculated. First calculate agy from the formula 


Ie 
Ti eM 


tan agr = cot B 


where F can be considered as an arbitrary parameter greater than 
unity (radius to some point outside the unit circle). Next calcu- 
late 1/t by means of the following formula 


(R?2 + 1) + 2R cos agy 
(R? + 1) — 2R cos asT 


i/t = 


1 ‘ 
{sin B- loge 


us 


+ 2-cos 6: tan7! 2K sin agr 
Rea i 


using the same values of R assumed for the first formula given. 
Finally K is caleulated from the formula 


= 2 2R COS Agr 
Je = he eee se 
T / R?+ 1 


sin B 


using the assumed values of R and the values of t/l calculated 
from the preceding formula. 


For B 


2 
Odeg K =--t/l- tan G . i) 
T 2 


For 6 = 90 deg K = G “ijt tan n (Z-1) 
T 2 

Assuming R values of 1.01, 1.1, 1.2, 1.5, 1.8, 2, 2.2, 2.5, and 5 
cover the range of K values shown on the curves, Fig. 5. 
These calculations: are repeated for various values of 8, then 

values of K plotted against ¢/l for constant values of 8. 
It is interesting to compare the values of K, as given by 
Weinig with those of K, or K, given by F. Numachi. For 8 = 
90 deg there is almost perfect coincidence. For 8 = 45 deg at t/l 


5 Worthington Pump and Machinery Corporation, Harrison, N. J. 
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= 0.5 and 2.5 there is good agreement but at ¢/l = 1.0, Numachi 
is 9 per cent higher than Weinig. For 6 = 30 deg again there is 
agreement at the extreme points but at ¢/l = 1, Numachi is 27 
per cent higher than Weinig. For values of 8 below 30 deg at t/l 
= 1, there seem to be even greater differences. It is probable 
that Weinig’s values are .the more reliable, however. 


R. G. Fotsom.? This paper presents some new approaches to 
specific theoretical design problems in connection with propeller 
or axial-flow pumps. When using the airfoil theory, one must 
remember that the airfoil characteristics are based on experi- 
mental investigations of a single airfoil in a uniform fluid stream 
without pressure gradient. In an axial-flow pump or turbine, 
the blade design may be based primarily on these single airfoil 
characteristics, but several correction factors must be applied 
so that the theoretical design will predict accurately the final 
machine performance. These corrections are made for the fol- 
lowing: 


(a) Mutual interference of blades. 

(b) Pressure gradient through runner and guide vanes. 

(c) Velocity distribution before the propeller. 

(d) Velocity distribution after the propeller and guide vanes. 
(e) Curvature and change in section radially along the blade. 


Although the author has presented material on these correc- 
tion factors, much work remains to be done on all of them. For 
example, the results of the use of the author’s ingenious method 
of averaging heads (item d of corrections) to obtain the head- 
capacity performance indicates that additional fundamental 
work must be accomplished before energy transfers during 
passage of water through a pump are clearly understood. 

It should be noted that Equation [2] of the paper is for very 
thin airfoils only. This limitation is not important as experiments 
have shown that the characteristics of all useful airfoils can be 
expressed as 


Cy — Ca 


where C is a constant. Substitution of this relationship for 
Equation [2] would generalize the results of the analysis. 

The performance of axial-flow machines is very sensitive to 
blade shapes and angles. Thus in reporting experiments of the 
type covered by the paper, it is desirable to indicate what meas- 
urements were made to ascertain the correspondence between 
actual pump elements and design drawings. , 

Recent University of California velocity-distribution meas- 
urements made at sections just downstream from a propeller- 
guide vane combination show the author to be correct in raising 
the question regarding ‘‘the amount of guidance assumed to be 
exerted by the vanes.’’ The deflection of the flow at the trailing 
edges of the stationary guide vanes appears to be less than the 
amount predicted by the airfoil theory with simple mutual inter- 
ference corrections. 


R. Lowy.’ The author should be commended for attempting 
to correlate the one- and two-dimensional theories of axial pumps 
with the results of practical tests. Such studies are to be greatly 
appreciated, because it is essential to examine how the current 
theories correspond with the practical tests. 

It cannot, however, be overlooked that all theories are based 
on certain fundamentals, and that it is not sufficient to rectify 
the theory in consequence of practical tests, if an imaccurate 
stipulation of fundamentals renders a theory inadequate. 


7 Associate Professor of Mechanical Engineering, University of 
California, Berkeley, Calif. Mem. A.S.M.E. 

8 Engineer, Baldwin Locomotive Works, Eddystone, Pa. 
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The author presents the principles of the one-dimensional and 
the two-dimensional theories: The one-dimensional theory pre- 
sumes that all filaments on a cylindrical surface are identical; 
the two-dimensional theory consists of the conception of flow 
through a lattice of vanes corresponding to the development of 
cross sections on cylindrical surfaces. In both cases the cross 
sections on all cylindrical surfaces are hypothetically independent 
of each other. 

Starting with these theories, the author evaluates the axial 
velocity at the outlet of the wheel and finds a more or less con- 
siderable difference with the practical measurements. The reason 
for this condition lies in the assumed independence of the cross 
section which actually causes the discrepancy. 

Among the different facts which can be given in this connec- 
tion to explain these circumstances, the following two should be 
considered in detail. 

1 The wheel is not completely defined through independent 
cylindrical cross sections. An infinite number of wheels exist, 
all showing the same kind of cylindrical cross sections, and dif- 
fering in their relative positions. It is obvious that numerous 
vanes can be constructed corresponding to the same cylindrical 
cross sections. The calculation is now based only on the cross 
sections; therefore one calculation would be applicable to an 
infinite number of vanes. Actually the characteristics and the 
efficiencies for different vane forms are not identical, and the dis- 
tribution of the axial velocities is.influenced essentially by the 
relative position of the cross section. 

These circumstances are analogous to the case of pumps with 
medium specific speed (axial-radial impellers), whose outlet edge is 
arranged on a cylindrical surface. For instance, an improvement 
in efficiency can be obtained if the outlet edge is put on a helix 
instead of on a straight line. The independence of the cross sec- 
tions, as used in the customary theory of axial-flow pumps, is 
therefore absolutely inadequate. 

2 In general, it is presumed that pumps have a pure axial in- 
flow, but it is also known that there exists a prerotation. Pro- 
fessor Hancock of the University of Liege made extensive studies 
concerning the prerotation and found that it attained a distance 
6 to 7 times that of the wheel inlet diameter. The prerotation 
fundamentally influences the flow through the pump and also 
in a certain sense causes a mutual dependence on the vane cross 
sections. 

All these circumstances show clearly that the customary one- 
and two-dimensional theory is not sufficient to explain the axial 
velocity distribution on an axial-pump wheel. By introducing 
such dependence, we are in the field of three-dimensional evalua- 
tion, in which sphere such considerations truly belong. 

Considering these circumstances in the interptetation of the 
results obtained, the paper will be valuable for further investiga- 
tion of axial pumps. 


L. F. Moopy.® One of the most valuable features of this paper 
is the correlation it establishes between the one-dimensional 
analysis based on the Euler principle, and the two-dimensional 
airfoil method. In starting with the Euler principle the author is 
on firm ground. The Euler equation represents merely a 
balance of moments of forces derived from the momentum princi- 
ple and Newton’s second law. It is as unassailable as the balance 
of forces on a free body in equilibrium. 

It is most unfortunate that fallacious arguments inconsistent 
with this principle, such as those Scherzer advanced some years 
ago,!° continue to reappear and to becloud the picture. The dif- 


* Professor of Hydraulic Engineering, Princeton University, 
Princeton, N. J. Fellow A.S.M.E. 

10 ‘A New Theory for the Centrifugal Pump,” by A. F. Scherzer, 
Trans. A.S.C.E., vol. 93, 1929, pp. 1-29. 
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ficulties encountered in the use of the Euler principle are mainly 
due, in the writer’s view, merely to its misapplication. It is 
naturally necessary to apply it to actual flow velocities; and not 
to assumed velocities coinciding with the -vane directions, pre- 
supposing an infinite number of impeller vanes, and neglecting 
the two-dimensional effects of variations of flow from one vane 
to the next. 

Another method of formulating the correlation between airfoil 
theory and the Euler principle was that proposed for turbines 
by the late Professor Thoma,!! who expressed the relation in the 
form that the sum of the circulations around the individual blades 
is equal to the difference between the circulations of the whole 
flow in the entrance and discharge spaces. 

That the author’s airfoil method of treatment, leading to a 
somewhat elaborate theoretical structure, can be shown to be 
reducible to the Euler relation is satisfying evidence that it meets 
the test of theoretical consistency. The comparison with actual 
experimental results is a still more valuable test of its practical 
value. 

The author’s simplification of the airfoil theory by the introduc- 
tion of the sine law for the lift coefficient is a useful step, which 
leads to workable relations in fairly simple form in a field of much 
complexity. He clearly states his other simplifying assumptions 
such as the treatment of the flow as in parallel cylinders, to pro- 
vide a reasonable starting point. The use of constant pumping 
head for the various subdivisions of the flow, rather than constant 
meridian velocity, seems a reasonable basis of procedure, leading 
to sufficiently simple relations. In developing a theoretic struc- 
ture including coefficients to be determined by experiment, the 
writer has a strong predilection, in a field as complicated as this, 
for the simplest possible theoretic relations, with refinements and 
limitations to be dictated by tests; and he is inclined to favor 
those preliminary assumptions which lead to the simplest rela- 
tions, provided they are reasonable and consistent—a pragmatic 
point of view. 

To give some idea of the complexity of the flow problem in such 
machines as this, the writer might point out that use is made 
either expressly or implicitly of the relations for theoretical po- 
tential flow. This is almost unavoidable in the first steps of such 
an analysis. Thus the flow between the impeller blades is here 
treated as ‘‘irrotational’’ (fifth paragraph) and Weinig’s theory for 
the K curves, Fig. 5 of the paper, is based on such flow. 

A difficulty which plagues the hydraulic engineer in attempting 
to analyze the flow through passages even of simple form is the 
limitation inherent in the use of potential field theories involving 
the irrotational flow of that mathematical abstraction and physi- 
cal paradox, the ‘‘ideal fluid.” It is the viscous forces in a fluid 
which tend to stabilize it in “‘stream-line’”’ flow. When these 
forces are overpowered by inertia forces, as in the majority of en- 
gineering problems, the flow is inherently unstable and turbulent, 
so that the less the viscous forces, and the more the fluid ap- 
proaches the ‘‘ideal,’”’ the less does it conform to the streamlines 
of the mathematical theory. The most we can say is that, while 
the flow is essentially unsteady, the time-average velocities may 
approximate the theoretic behavior. 

A factor of primary importance, however, is one which is not 
sufficiently emphasized in some fluid-mechanics textbooks, 
namely, separation. The flow lines cannot be arbitrarily assumed 
to follow the wall contours of a hydraulic passage. With converg- 
ing flow, increasing velocity, and gradual curvature they will 
usually do so; but, in an elbow or diverging tube, the flow forms 


11 "Neuere Anschauungen tiber die Hydrodynamik der Wasser- 
turbine,” by D. Thoma, in ‘‘Vortrige aus dem Gebiete der Hydround 
Aerodynamik,”’ by Th. von K4rm4n and Levi Civita, Julius Springer, 
1924, p. 240. See also, ‘‘Hauptstrémung und Ringwirbel,” by M 
Schilhansl, in “‘Hydraulische Probleme,”’ V.D.I. Verlag, 1926, p. 79. | 
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its own boundary which ‘‘separates’’ from the walls leaving cir- 
culating or eddying flow, or even backward flow, between. 

The foregoing note is not intended as a criticism of the paper, 
the author of which is as aware of the problem as the writer. It 
is mentioned merely as a reminder to those applying similar 
methods to other problems. It has this specific application, how- 
ever. In treating the flow in the impeller passages as irrota- 
tional, an approximation is involved. This flow actually occurs 
between somewhat diverging and curving walls, and is decelerat- 
ing, as in a diffuser or draft tube, with tendencies toward turbu- 


* lence and even separation, which are intensified under partial- 


capacity operation. The treatment should therefore be recog- 
nized as an approximation which is probably satisfactory so long 
as experimentally determined coefficients can be applied. 

It will probably occur to some readers that the method of the 
paper should be applicable to propeller-type hydraulic turbines. 
This extension may require rather laborious study since the condi- 
tions are even more complex than in the pump. 

The discrepancies noted in the last section of the paper between 
the theoretic velocity distribution and that observed by Pitot 
tube may be intensified with increased residual whirl in the tur- 
bine, as required by optimum conditions, as compared to the 
small or zero prewhirl more usual in a pump. A more difficult 
complication, however, is introduced by the turning of the enter- 
ing flow from radial to axial, mostly in the transition space; and 
this requires not two-dimensional, but three-dimensional treat- 
ment. 

With symmetrical or ‘‘spreading’”’ types of draft tubes, the 
draft-tube subdivision of the turbine can be simply cared for at 
or near normal gate operation on the basis of free vortex flow; 
but this element of the problem is confused when the usual elbow 
draft tubes are used. The writer is not too optimistic of an early 
solution of the turbine problem; but by judiciously neglecting 
variables of minor effect and adopting reasonable simplifying 
assumptions some useful advances may be developed. 

In conclusion, it is believed that the author has made a definite 
advance in the simplification of the ‘‘airfoil”’ or two-dimensional 
theory and its application to the propeller pump; and that his 
method meets the tests of both internal consistency and good 
agreement with the results of experiment. The theoretic and 
actual performances, compared in Fig. 13 of the paper, show 
striking consistency in the region of normal discharge; and to 
anyone experienced in hydraulic experimentation the agreement 
is unexpectedly good. 


H. E. Sursnts.!2, The author has solved the problem of pre- 
dicting the characteristics of an axial-flow machine. The pro- 
posed method has the advantage of simplicity. However, it 
might be of advantage to analyze the accuracy of some of the 
assumptions in order to predict the accuracy with which the pro- 
posed method may be applied to individual cases. _ 

Equation [2] of the paper gives the lift coefficient of an indi- 
vidual airfoil as a function of sin a, a being the angle of attack 
from the direction of zero lift. This equation is a good assumption 
when a@ approaches zero. For good accuracy, this equation 
should be limited to small values of a. For the larger values of 
a, above 12 deg, the lift coefficient of this equation becomes too 
high. The maximum of this function is at a = 90 deg, whereas 
the maximum lift of the actual airfoil is of considerably smaller 
values of a. Perhaps Equation [2] could be replaced by a 
Fourier series, the first member of which is Equation [2], having 
also a constant factor so that the maximum lift of airfoil used 
and the maximum of the function have the same values. It 
should be pointed out that the author uses the lift-coefficient 


12 Research Engineer, Elliott Company, Jeannette, Pa. Jun. 
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function in Equation [16] for zero capacity, i.e., where the lift 
coefficient has its largest values and a = 8. Therefore, only for 
grids having 8 equal to or smaller than 12 deg is Equation [16] 
sufficiently accurate. These grids are rarely encountered in prac- 
tice. 

The lift coefficient of the impeller is given in Equation [7], which 
is derived from Equation [2] by multiplying with the ‘‘lattice- 
effect coefficient’? K. Coefficient K is derived by replacing the 
impeller vanes with a system of straight and parallel vanes related 
to the actual vanes system, as shown in Figs. 1 and 2 of the 
paper. These two figures show the method of determining the 
line for zero lift. The use of this factor K has been thoroughly 
discussed in a paper by Y. Shimoyama,!* who made a large num- 
ber of tests on the subject in the range of small 6 up to 271/2 deg. 
From his paper, it is evident that the theoretical results obtained 
for a row of flat plates cannot be used directly for a row of airfoils 
with some thickness and camber. It may be used only if the line 
of zero lift is determined with sufficient accuracy. These facts 
have been taken from test data published in Shimoyama’s paper. 

Therefore, it may be suggested that the author’s simple meth- 
ods of determining the zero-lift line, as shown in Figs. 1 and 2, 
may be replaced by a more accurate method given in Shimoy- 
ama’s paper. It shall be noted that the influence of the thickness 
of an airfoil is such that there is a different zero-lift line, depend- 
ing on whether the airfoil cascade operates in accelerated flow 
or decelerated flow. This method of calculation should be used 
only from zero lift to the stalling point of the blades. At zero 
capacity, there exists secondary flow from the hub to the tip of 
the blades creating pressure by centrifugal action. Then the flow 
in the impeller is three-dimensional and cannot be calculated ac- 
curately with the two-dimensional theory. 

This discussion has been given in order to show how the au- 
thor’s basic method may be modified when higher accuracy is 
required. 


A. J. Srepanorr.!4 The author’s presentation of the airfoil 
theory of axial-flow pumps differs in several respects from that of 
several previous publications: (a) The author uses the zero-lift 
line of the vane rather than chord as a reference line for angles of 
attack. This simplifies the theoretical formulas for the lift coef- 
ficient. (b) He treats the discharge end of the vane separately 
from the suction end, thus leading to the design of the vane in- 
stead of a selection from the available airfoil wind-tunnel-tested 
profiles. This removes one of the objections to the airfoil theory. 
The most complete collection of the airfoil data by N.A.C.A. is 
limited to cambers of 0, 2, 4, and 6 per cent, while in practice 
intermediate and higher cambers are in use. (c) The author does 
not try to supersede the classical Euler’s theory but attempts to 
establish a common ground between the Euler and airfoil theories. 
(d) This paper presents difficulties and inconsistencies of the air- 
foil theory, also gives examples of disagreement of the tests with 
the assumed pattern of flow, thus leaving room for opinions and 
pattern flow different from his own. 

Pumps have been designed with good success in a continuous 
series -of specific speeds from very low centrifugals up to the 
straight propeller pumps. ‘The theoretical reasoning, mental 
pattern of flow, and design method should be continuous for 
pumps of all specific speeds within the range mentioned, The 
airfoil theory of axial-flow pumps is handicapped by the fact that 
it becomes less accurate for lower-specific-speed propeller pumps, 
and fails entirely for mixed-flow and centrifugal impellers. 


13 “Hxperiments on Rows of Aerofoils for Retarded Flow,” by Y. 
Shimoyama, Trans. Society of Mechanical Engineers of Japan, vol. 
3, Nov., 1937, pp. 334-344. 

14 Development Engineer, Ingersoll-Rand Company, Phillipsburg, 
N. J. Mem. A.S.M.E. 
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The object of the airfoil theory is to establish the shape of the 
impeller-vane profile and the chord-spacing ratio. 
vital design elements have to be determined experimentally 
to complete the design of an impeller. Among these are: (qa) 
Selection of a proper specific speed; (6) impeller diameter; (ce) 
axial velocity; (d) hub ratio; (e) number of vanes for a given 
chord-spacing ratio. All of these design elements, expressed as 
dimensionless ratios, form a continuous function of specific speed. 
The progress in theory of centrifugal and axial-flow pumps was 
much slower than the development of actual designs. Asa result, 
designers had to adopt some ‘‘geometrical’’ method of arriving at 
impeller-vane profiles according to their assumed mental pattern 
of flow. These too had to be continuous for all pumps, centrifugal, 
mixed, and axial flow. 

As a prerequisite of the condition that there should be no cross- 
flows from one stream cylinder to another, the author, like all 
previous investigators, assumes that 


AVen = CONS: a ate rt ee ee La 


which is the same as 
AV,,U 
g 
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or that equal heads are produced at all radii. The flow pattern 
represented by Equation [41] of this discussion is known as a 
“free vortex.’”? The tangential velocity at discharge from the 
impeller AVu increases toward the hub inversely as the radius, 
resulting in the absolute discharge flow revolving at higher an- 
gular velocity at the hub than at the periphery. A similar pat- 
tern of flow is assumed at the impeller suction. With an impeller 
revolving at constant speed between these two regions, such a 
pattern of flow is difficult to visualize. 

The author points out that the condition represented by Equa- 
tion [42] of this discussion can be fulfilled only at the design point. 
This equation is impossible to satisfy at capacities below or-above 
the normal. Moreover, even at the best efficiency point, Equa- 
tion [42] holds for one vane setting only. If the vane is turned a 
few degrees, velocity triangles representing Equation [42] are 
destroyed, although actual efficiency and head remain unchanged. 
Finally, at partial capacities, the condition represented by Equa- 
tion [42] leads to an absurdity, as partial-capacity conditions are 
soon reached where the actual head is higher than the maximum 
possible theoretical head at the hub (Fig. 17 of this discussion). 
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All these drawbacks are eliminated in a pattern of flow repre- 
sented by 


AV, 


r 


=) = COUS LOL AraC tenes ane {44} 


This is known as a ‘‘forced vortex’? and is free from crossflows 
from one stream cylinder to the other. 

The flow leaves the impeller with a constant absolute angular 
velocity w’. The same regime prevails at all capacities, w’ in- 
creasing as capacity decreases, reaching the impeller speed at 
zero capacity. Zero head and zero capacity are reached by all 
stream cylinders at the same time (Fig. 19 of this discussion). 
The forced-vortex pattern of flow is realized with impellers having 
vanes of constant pitch for all radii, the pitch increasing from en- 
trance to discharge, Figs. 18 and 19. The increasing vane angle 
is necessary to produce “‘impelling action” on the water, as no 
power can be applied to the water if its axial velocity is exactly 
equal to the pitch of the vane-screw surface. This type of flow 
pattern requires a constant axial velocity. With a constant-pitch 
impeller, a constant axial velocity is maintained in practice 
throughout a wide range of capacities. 

Evidently, in a foreed-vortex pattern of flow, the Euler’s head 
is lower at the hub and higher at the periphery, and the pump 
theoretical head is an integrated average over the whole area 
swept by the impeller. This is equal to the arithmetical average 
of the heads at the hub and periphery of the impeller. Attention 
is called to the fact that, although the head at the hub is lower 
than the pump total head, this part of the impeller contributes 
continuously to the pump total integrated head. This is illus- 
trated graphically in Figs. 21 and 22 of this discussion. 

The Euler head equation can be transformed so that the 
forced-vortex action will be apparent. Thus, for an axial inlet 


nae AVU si AV? r Va? — V2? 

g 29 29 
The first term in Equation [45] represents the static pressure due 
to the absolute forced vortex at discharge, while the second is. the 
difference in relative forced vortices at entrance and discharge. 
The axial component of flow does not appear in the foregoing ex- 

16 The flow patterns represented by Equations [41] and [44] are 
special cases of a general flow regime Vr™ = const. With different 
values of m, different flow patterns result, all of which are stable or 
free from crossflows, giving different pressure and angular-velocity 
distribution along the radius. ; 

16 ‘Hydraulics and its Applications,’ by A. H. Gibson, D. Van 
Nostrand Company, Inc., New York, N. Y., 1928, p. 101. 
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pressions. The forced-vortex flow pattern, theoretical reasoning 
and the vane-layout geometry remain when applied to mixed- 
flow or straight centrifugal pumps. Taking Euler’s equation in 
a most general form and applying the same transformations, we 
obtain the following 

he V2 =a Via sa Vign? = We fy Vu? — Vu? 

; g 29 29 


This is of the same nature as Equation [45], except the third 
term is added to account for head increase due to water particles 
moving from inlet diameter to the outlet diameter. Note only 
tangential components of all velocities appear in Equation [46], 
and the radial velocities at the inlet and outlet (not equal in 
general) cancel out. All transformation of energy takes place in 
the plane of impeller rotation for both axial- and radial-flow im- 
pellers. Figs. 22 and 23 of this discussion show diagrams of total 
head for a centrifugal and axial-flow pump, expressed in terms 
of forced vortices, as given by Euler’s Equation [46]. 


In a general case, where some prerotation is allowed ahead of 
the impeller, the velocity triangle, Fig. 19, is changed to Fig. 
20 of this discussion. This shows that a forced vortex is formed 
in the impeller suction, as observed on occasions in practice. 

The impeller-vane design method, based on this theory, has 
been in use for over 15 years by several pump and water-turbine 
designers for both axial- and mixed-flow impellers. One of the 
earliest examples on the record is that by Schmidt.!7 His theory 
and pattern of flow the writer never has been able to understand, 
but his vane-design method, arrived at entirely in an experimental 
way, can be explained now by the forced-vortex reasoning. 
Terry'® recently described a Kaplan water-turbine design which 
fits into the forced-vortex pattern of flow. 

The writer has applied forced-vortex reasoning and vane- 

layout geometry based on it to mixed-flow propeller pumps 
with very gratifying results. 
7 “Some Serew Propeller Experiments With Particular Reference 
to Pumps and Blowers,” by H. F. Schmidt, Journal, American Society 
of Naval Engineers, vol. 40, 1928, pp. 1-26. 

18 “Development of the Automatic Adjustable-Blade Type Pro- 


peller Turbine,’’ by R. V. Terry, Trans. A.S.M.E., vol. 63, 1941, 
pp. 395-409. 
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It is interesting to note that now it is possible to bring about a 
closer agreement in the bitter and prolonged controversy aroused 
by Scherzer!® some time ago who claimed that the forced vortex is 
the only way head can be produced by a centrifugal impeller. 
He repudiated the Euler equation, and credited the impeller 


7 
J 


2 
only with the head H = a Equation [46] of this discussion 
g 


shows that it is possible to think of the pump head as produced by 
a forced-vortex action, but its value is still given by Euler’s equa- 
tion which shows that U2?/2g is only a portion of the total vortex. 
Equation [46] can be written in a simpler form 

Vi42U2 — Vy 


H = Sy ea eae [47] 
g 2g 


where Uy = VV 29H by definition, its numerical value being equal 
to the velocity of a free jet under head //. Equation [47] repre- 
sents a forced vortex with a peripheral velocity Uy which is 
a sum of the several vortices shown in Equation [46]. The 
velocity Uy does not exist at any part of thé pump. The H on 
Fig. 23, and in Equation [47] of this discussion, is the total head 
and notastatichead. This head is split differently between static 
and kinetic for pumps of different specific speed. If discharged 
into an open vessel (no losses), it will be all static. If dis- 
charged freely into the atmosphere, it will be all kinetic, Fig. 23. 

The author takes an agreement between the predicted per- 
formance and actual test as a proof of soundness of the theoreti- 
cal reasoning and the assumed pattern of flow. The quoted ex- 
amples of Schmidt, Scherzer, and a more recent one by Pigott? 
disprove such belief. Among engineers, each theory can be 
judged on its own merit. 

The best hydraulic performance may be an indication of a 
“preferred” pattern of flow. In this connection, it would be in- 
teresting to know which of the two designs referred to in Figs. 15 
and 16 of the paper, was more efficient hydraulically? 


T. H. Trouter.”!. This discussion refers to that part of the 
paper dealing with the interaction of the vane sections at various 
co-axial cylinders, and its effect on the pressure-volume charac- 
teristic. 

The designer has at his disposal an arbitrary determination of 
the lift coefficient C, and the width 1 whose product only is given 
by the requirements to be met for one design point of a charac- 
teristic. It is possible to a certain degree to use this degree of 
freedom for the vane or blade design in such a form that a de- 
sired co-ordination of the action of various vane elements is as- 
sured over a reasonable range of working conditions. 

A derivation of such a relation is given in a paper on axial-flow 
fan design by the writer.?? 

Starting with the proposition that the circulation about the 
rotating blade should in the ideal case remain constant for all 
co-axial cross sections of the rotor at any one point of the pres- 
sure-volume point, a condition in full agreement with the au- 
thor’s description of the ideal flow through a pump, one arrives at 
the following formula for the distribution of vane widths along 
the radial extent of the vane 


1/lp = ores 
cos B, 


Cur re — 1) tan Bp 


19 See L. F. Moody discussion, reference 10. 

2% “Prediction of Centrifugal Pump Performance,’ R. J. 8. Pigott, 
paper presented at A.S.M.E. Annual Meeting, 1944, preprint no. 75. 

21 LaDel Conveyor and Manufacturing Co., New Philadelphia, 
Ohio, and Daniel Guggenheim Airship Institute, Akron, Ohio. Mem. 
A.S.M.E. 

22 “The Design of Axial-Flow Fans,”’ by Th. Troller, Abhandlungen 
aus dem Aerodynamischen Institut, Aachen, no. 10, 1931, pp. 43-47. 
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(The symbols are the same as used by the author. In addition: 
d 
C;' = Pe R= outside radius, r = any radius of the blades. 
a 


The indexes refer to the location of the section.) 

This formula is entirely practical for axial-flow fan design for 
many cases, and the fact that unconsciously the condition given 
by this formula is often met by the designer is in the opinion of 
this writer responsible for a good bit of the successful operation 
over a wide range of many axial-flow machines. 

Many designers (e.g., Ruden) prefer, for reasons beyond those 
stated in the theory presented by the author, to use shapes dif- 
ferent from that given by the formula presented here; and there 
is no question that a different reasoning for the vane design is in- 
dicated in those cases where vane friction or tip leakage as non- 
ideal inflow conditions are of importance. Nevertheless, the for- 
mula is of great practical usefulness in many design problems. 


F. L. Warrenporr.”* This paper is a welcome contribution 
to axial-flow pump or fan theory in that it gives a physical pic- 
ture of the relationship between one-dimensional theory of guided 
flow for closely spaced blades and two-dimensional theory, used 
when the blades are so widely spaced that the elements behave es- 
sentially as single airfoils. One-dimensional theory is usually em- 
ployed for ratios of blade chord to spacing greater than unity, and 
two-dimensional theory for ratios essentially less than unity. 
However, there is an increasing number of fan, pump, and com- 
pressor problems at the present time in which the spacing ratio 
varies from somewhat less than unity to somewhat greater than 
unity. For such problems as these, the present paper is a help to 
the designer. 


AvTHOR’s CLOSURE 


The author is indebted to W. H. Church for calling attention 
to an inaccuracy in a partially graphical solution for the plotting 
of the K,and the Cy diagrams. These diagrams as presented in 
the paper were recalculated according to the equations which 
Church has quoted from the book by Weinig (1). It may be of 
interest that in these equations the parameter F is, in the plane 
of conformal representation, the distance from the origin to the 
two singularities (vortex-sources) which represent the regions 
plus and minus infinity of the physical plane containing the vane 
system. The‘vane is represented by the unit circle; and the 
angle ag is the angular distance of the stagnation points on the 
unit circle from the real axis. 

The comments by R. G. Folsom are of particular value since 
his earlier publication on the same matter (item 2 of Bibliog- 
raphy) stimulated to a considerable extent the present investiga- 
tions of the author. The equation quoted by Folsom for the lift 
coefficient requires the determination of the constant C on theo- 
retical or experimental grounds. It was, of course, the intention 
of the present paper to avoid the complications involved in con- 
sidering the variations in C. In other respects, the equation 
quoted by Folsom is the same as Equation [2] of the paper, since 
for small values of a, the angle and its sine are proportional to 
each other. 

The author agrees with Folsom regarding the significance of an 
exact determination of the blade shapes and angles. In recogni- 
tion of this fact, the theoretical analyses reported here were based 
entirely on the dimensions of the test runner as determined by 
a special measuring device. 

R. Lowy correctly points to the theoretical and physical limi- 
tations of the theory used by the author. It is unquestionably 
true that the problem is really a three-dimensional one. There- 
fore, even for an ideal fluid, considerations as represented by the 


23 Headquarters, Army Air Forces, Washington, D. C. 
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turbine theory by Lorenz are in order.*4 This problem has been 
outlined more recently by Spannhake at the Fifth International 
Congress for Applied Mechanics. The theoretical difficulties 
connected with such a more rigorous approach are so great as to 
cast some doubts on‘its practical usefulness. It must be remem- 
bered in particular that any departure from the admittedly fic- 
titious picture of the flow along cylindrical surfaces makes the 
present simple approach to the two-dimensional problem im- 
possible. This is due to the fact that the relative flow does not 
remain irrotational if it has a radial component. There can be 
no doubt that more detailed considerations of the three-dimen- 
sional problem will be necessary in order to answer some of the 
problems which have been left open by this paper. 

* The question of prerotation as raised by Lowy was answered 
by a test setup permitting a reliable control of this element of 
the flow. An influence on the incoming flow by the runner was 
observed only as a consequence of a lack of agreement between 
the flow and the vane design as, for instance, in the range of low 
capacities. 

The author would like to express to Prof. L. F. Moody his ap- 
preciation for constant advice and encouragement over many 
years. 

The method of Thoma can be related to that in the present 
paper by considering that the circulation around an individual 
vane has the value T = AVvt, while the circulation in front of 
runner is 


and on the discharge side of the runner 
1B tel apa G Sooo mie ce Reems [49] 


The change in circulation with respect to the axis of rotation is 
therefore equal to the sum of the vane circulations 


1S bey ea 


The author certainly finds himself in agreement with Moody’s 
point of view. With particular reference to the problem of the 
‘Sdeal fluid,” Moody clearly touches on the most difficult phase 
of the fluid mechanics of this type of machinery. Since a theory 
based on an “‘ideal fluid’? cannot account for the losses in a 
machine, it is obvious that the problem of improving the design 
cannot be attacked without considering the characteristics of a 
real fluid, as, for instance, separation. The theoretical difficul- 
ties connected with this problem are well appreciated from other 
fields of fluid mechanics. Their solution with respect to the com- 
plicated flow conditions in turbomachinery must be considered 
as an essential element of future developments in this field. 

The author does not believe that the application of the present 
theory to propeller-type turbines would differ essentially from 
that mentioned for pumps, since the ‘‘residual whirl’ at the dis- 
charge from a turbine runner can be considered in the same 
manner as prerotation of the pump runner. In the case of a 
turbine, the rotation on the high-pressure side of the runner 
must be assumed to be prescribed by the guide apparatus and 
the whirl on the discharge side results from the action of the 
runner. It is true, however, that the space between the guide 
apparatus of a propeller turbine and its ruuner is likely to 
cause departures from the ideal velocity distribution at the 
runner inlet. . 

H. E. Sheets has called attention to an impor‘ant limitation in 
the paper, which applies not only to this particular application of 
the theory of ideal fluids, but to any other based on the same 
assumption. From a physical point of view, the limitation of a 


24‘*Neue Theorie und Berechnung der Kreiselrider,’’ by Hans 
Lorenz, R. Oldenbourg, Munich ant Berlin, 1906. 
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is simply the separation or stalling limit of any vane or airfoil, 
which must, of course, be taken into account in order to avoid out- 
right contradictions between theory and physical facts. The 
theoretical use of a for a wider range than is physically permis- 
sible merely has the significance of a theoretical tool to establish 
the direction of the theoretical head-capacity characteristics. 
The relation between theory and physical facts is rational only 
for capacities larger than that of the familiar break in the actual 
head-capacity curve. For capacities below that limit, the flow 
picture is known to be radically changed and bears no resemblance 
to the assumptions made in this paper. 

The author regrets that he did not have an opportunity to 
examine the apparently interesting paper by Shimoyama,'®. re- 
ferred to in the discussion. 

We are greatly indebted to A. J. Stepanoff for a thorough dis- 
cussion of this subject and shall try to answer only its most im- 
portant points. At the outset, it must be realized that the basic 
reason for the fact that radial- and mixed-flow runners cannot 
be treated in the same manner as axial-flow runners is the pre- 
viously mentioned fact that the relative flow in the former type 
of runner is not irrotational. 

There appears to be a slight misunderstanding concerning the 
fact that Equation [42] of the discussion was applied by the 
author only to the design point. By averaging the rate of 
through-flow rather than the head, the author has assumed that 
this equation is satisfied at all times. This does not mean that 
Equation [42] is necessarily satisfied under the actual flow condi- 
tions in the pump, but merely that its application does not lead 
to logical inconsistencies. In this connection, Stepanoff’s sug- 
gestion of using the law of a forced vortex furnishes a very in- 
teresting example of the significance of the derivations leading 
to Equation [80] of the paper. Substituting the law of a forced 
vortex 


Weg = TO AN Vio, — aoe teletetaletel stele {50} 
into Equation [30] of the paper, one obtains 
2u(rw — rwe) = 2a,(rw — rw-) 


or 


WW — 2? = ww — Wr.. cc recceenees (51) 


Consequently, the angular velocity of the two forced vortices 
at the inlet and discharge w, and w. are the two roots of a quad- 
ratic equation, and as such have the relation 


beara 85152) 


a, + we = w.... 


where w is the angular velocity of the runner. This condition, 
however, is seldom if ever satisfied in axial-flow pumps. 

One can obtain an independent check on the validity of Equa- 
tion [30] of the paper by substituting the law of a forced vortex 
into the more fundamental Equation [22] of the paper, which ex- 
presses the equilibrium between pressures and centrifugal forces 
in aradial plane. The integration yields the relation 


ee D 


where po is the static pressure at the center of rotation if the law of 
a forced vortex were maintained that far. Equating the static- 
pressure differences between the two forced vortices to the 
static-pressure increase through the runner along the cylindrical 
stream surface, one obtains 


Vu2? — Vu? 
: (Vu2? a Vu?) Si 2 [ uve Vui) ue) 2 ob | . [54] 
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which may be simplified to 
Vies teas. ite Ohare setter race ke cecees [55] 


The latter, however, applying to one cylindrical stream surface 
has for forced vortices the same meaning as the previous Equa- 
tion [52]. 

The conclusion to be drawn from these derivations is that with 
the exception of the flow conditions expressed by Equations [52] 
and [565], the assumption of a forced vortex flow at entrance and 
discharge of the runner is dynamically incompatible with the 
assumption of cylindrical stream surfaces through the runner. 
The problem answered by these considerations is not one con- 
cerning the existing flow but one of theoretical consistency of 
the assumptions employed. It is in this light that the derivations 
leading to Equation [30] of the paper have to be viewed. 

The author would be greatly interested in learning more of the 
background of the relation suggested by T. H. Troller; in par- 
ticular, the underlying variation of the lift coefficient as a func- 
tion of the radius. This problem of design certainly warrants 
independent study, and it is to be hoped that there will be signifi- 
cant additions to the literature in this field. 

F. L. Wattendorf’s comments were greatly appreciated, par- 
ticularly since his earlier work furnished much of the incentive 


for this paper. His remarks, in common with other contributions 
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to the discussion, seem to express the fact that essentially there is 
agreement on the main points of the paper, in so far as it goes. 

The author wishes to thank Prof. John R. Weske for some in- 
teresting and encouraging comments which unfortunately were 
received too late to be published with the other discussions. 
Among various facts, Professor Weske points out that the first 
term in the denominator of Equation [20] is the inverse ratio of 
K to its one-dimensional approximation, i.e. the ratio between 
the ordinates of the straight lines and the curves in Fig. 4. This 
fact further illustrates the close relation between the correction 
factors K and Cy of the two- and the one-dimensional theories. 
Professor Weske is generally in agreement with the paper and ex- 
presses the opinion that it furnishes “a foundation from which 
the three-dimensional problems can be attacked with greatere 
confidence.” 

The gratifying number of discussions received demonstrate 
that the subject is one of timely interest. What has been achieved 
may be considered only as groundwork. Obviously, the more 
difficult aspects of the problem are yet before us; for example, 
the three-dimensional approach mentioned by Lowy, and the 
problem of the “‘real’”’ vs. the ‘ideal’ fluid, suggested by Moody. 
The experimental evidence and the contributions received indi- 
cate that the theory presented, while far from complete, does 
contain what may be termed a significant relation to reality. 


Optimum Compression Ratios for a 


High-Speed Diesel Engine 


By W. P. GREEN,! COLLEGE PARK, MD. 


Optimum compression ratios must give smooth and re- 
liable ignition. They are high enough to procure maxi- 
mum fuel economy. They are determined from data 
presented to show the effect of compression ratio upon the 
combustion and performance characteristics of a high- 
speed (2000-rpm) 3.25 X 4.5-in. single-cylinder compres- 
sion-ignition engine equipped for varying the precom- 
bustion-chamber volume. These data show an optimum 
range of compression ratios varying with the indicated 
mean effective pressure. Compression ratios should be 
increased as the indicated mean effective pressure (imep) 
decreases. Optimum performance of the engine under 
test was obtained in the range of compression ratios from 
16 to 1 to 24 to 1. Structural strength-weight require- 
ments and cylinder wear may dictate the use of lower 
values of the compression ratio than does fuel economy. 


the compression ratio and the dependent expansion ratio. 

For the compression-ignition engine, it is also necessary 
that the compression ratio be high enough to insure certain and 
smooth ignition. The optimum compression ratio will be high 
enough to meet ignition requirements and give maximum fuel 
economy. Other factors, such as cylinder wear, ring wear, 
mechanical repairs, and cost of building the engine strong enough 
to withstand the stresses and temperatures which accompany 
high compression ratios were not considered to come within the 
scope of this paper. 

To determine the compression ratios which insure ignition and 
give maximum thermal efficiency at any given load, it is necessary 
to know the major performance characteristics of an engine over 
a wide range of compression ratios. Since past published in- 
vestigations of the effect of compression ratio on high-speed 
Diesel-engine performance have been limited in extent and per- 
formed on several types of engines not readily comparable, 
(1, 2, 3, 4, 5),2 it was decided to measure the major performance 
characteristics of a high-speed CFR Waukesha Diesel engine 
equipped with a head having adjustable precombustion-chamber 
volume. 

Data were taken for computing the performance character- 
istics, listed in Table 1, over a range of compression ratios from 
12:1 to 31:1. 


\ fundamental property of an internal-combustion engine is 


Test EQuIPMENT 


Major test equipment is shown in Fig. 1, while Fig. 2 shows 
schematically the arrangement of all equipment. 

The engine used was a standard CFR single-cylinder evapo- 
rative-cooled engine of 3.25 in. bore and 4.5 in. stroke as pre- 


1 Associate Professor of Mechanical Engineering, University of 
Maryland. Mem. A.8.M.E. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Aviation and Oil and Gas Power Divisions and 
presented at the Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 
1944, of Toe AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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TABLE 1 PERFORMANCE CHARACTERISTICS MEASURED 
OVER A WIDE RANGE OF COMPRESSION RATIOS 


(a) Friction horsepower and friction mean effective pressure 

(b) Brake horsepower and brake mean effective pressure 

(c) Indicated horsepower and indicated mean effective pressure 

(d) Volumetric efficiency 

(e) Maximum explosion pressures 

(f) Efficiencies, thermal and mechanical, on a brake-horsepower and indi- 
cated-horsepower baSgis 

(g) Exhaust appearance 

(hk) Injection-advance-angle range 

(i) Combustion characteristics as Shown by indicator cards 

(j) Heat rejection to coolant 


Other operating variables, listed in Table 2, were maintained 
constant throughout the tests. 


TABLE 2 STANDARD OPERATING CONDITIONS 


(a) Engine speed, 2000 rpm 

(b) Intake-air temperature, 140 F plus or minus 1 deg F 

(c) Intake-air pressure, atmospheric pressure plus or minus !/2 in. of water 

(d) Exhaust pressure, atmospheric pressure plus 6 in. of water 

(e) Lubricating oil, S.A.E. 30 

(f) Lubricating-oil temperature, 170 F plus or minus 2 deg F 

(g) Cooling-water temperature, 212 F 

) Injection pressure, 2000 psi 

(i) A single commercial Diesel fuel of known specifications for all tests; 50 
cetane number used 

(j) Angle of.injection advance setting to obtain maximum fuel economy for 

a given load 


viously noted. It was equipped with a Diesel conversion 
cylinder head allowing infinitely variable compression ratios 
between 12:1 and 31:1. The compression ratio was changed by 
varying the volume of a cylindrical precombustion chamber with 
a movable plunger in such a way as not to affect materially the 
combustion characteristics. 

The cylinder and variable-compression-ratio head were 
mounted on a high-speed crankcase equipped with balanced 
pistons. The engine piston was of cast iron and was provided 
with three compression rings and one oil ring. 

Fuel was supplied from a 5-gal tank above the engine panel- 
board to a weighing tank placed upon an accurate set of balances 
as shown in Fig. 2. After being weighed, the fuel entered a 
Bosch injection pump and was then injected into the cylindrical 
precombustion chamber through a Bosch pintle-type injector. 

A contact device, attached to the injector and operated by the 
opening of the injector-nozzle pin, was used in conjunction with a 
neon indicator on the engine crankshaft to observe the crank- 
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angle position at which fuel was first injected into the precom- 
bustion chamber. 

Air to the engine passed through a small blower, a metering 
orifice, two surge tanks, and an air heater before entering the 
engine. 

The blower supplied the air under pressure to a °/s-in. Meriam 
orifice. Pressure taps from the orifice were connected to an in- 
clined manometer for reading accurately the quantity of air flow- 
ing. In order to avoid pulsating flow through the orifice, a 50- 
gal steel drum, equipped with a rubber diaphragm in one end, 
was used as a surge tank. In addition, a small 30-gal drum was 
mounted above the air heater on the intake manifold of the 
engine. The pressure in this drum was maintained atmospheric 
within 1/2 in. of water. 

By means of this equipment a steady flow of metered air was 
delivered to the engine at 140 F and atmospheric pressure. 

Exhaust gases passed from the engine cylinder through 20 ft 


of 11/-in. pipe to a 10-gal expansion tank, and then into the 
laboratory exhaust main. Provision was made at the first 
90-deg elbow 20 in. from the engine (see Figs. 1 and 2) to sample 
the exhaust gases for exhaust-appearance tests. The sample of 
gases was carried through tubing to a smokemeter where its 
appearance was evaluated. Smoke appearance was evaluated as 
described by Schweitzer (6). 

A conventional type of cradle dynamometer was used for 
motoring and loading the engine. The engine speed was main- 
tained at 2000 rpm by means of an electric-indicating tachome- 
ter. An electric revolution counter was also in operation for 
all fuel-consumption and power tests. 

The pressure-crank-angle diagrams were photographed from 
the screen of a 9-in. cathode-ray oscillograph. A piezoelectric- 
erystal pickup mounted in the precombustion chamber of the 
engine was used in conjunction with an amplifier and the oscillo- 
graph to measure all pressures. It was calibrated by the manu- 
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duplicate for each compression ratio between 12:1 and 
31:1. However, at a load of 41/2 hp the maximum com- 
pression ratio which gave good continuous operation was 
23:1. 

In some instances, it was impossible to obtain the in- 
dicator cards and smoke-meter readings during the original 
performance tests. Check tests were run later to obtain 
these data. 

The engine was motored in order to determine the 
friction horsepower at the end of each testrun. Since it was 
found that this procedure interrupted regular tests owing 
to a very poor laboratory direct-current power supply for 
metering purposes, the friction horsepowers were determined 
during check runs under the same conditions of engine op- 
eration. 

It should be mentioned that the mechanical condition 
of the engine was found to be of utmost importance. It 
was found necessary to clean the piston rings and injector 
after 8 to 10 hr of operation if best results were to be ob- 
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facturer several times during the tests, and calibrations were 
checked with a balanced-diaphragm type of maximum-pressure 
indicator (7, 8). A modification of the Taylor and Draper pres- 
sure element was used. 

Thermometers inserted in the inlet and outlet water lines 
of the condenser on the evaporative cooling system were read 
. to determine the temperature rise of the cooling water. Water 
‘leaving the condenser outlet was weighed in a 50-gal drum 
mounted on scales. 


OPERATING PROCEDURE 


Having determined the proper angle of injection advance, 
tests were run in the following manner: 

The engine was operated for a period of at least 2 hr until read- 
ings indicated standard conditions had been reached. Then 
readings were taken every 5 min during a 15-min period of the 
engine speed, of engine revolutions, time for the consumption 
of a given weight of fuel, angle of injection advance and injection 

_ pressure, cooling-water and oil temperatures, injector tem- 
perature, weight of condenser water, inlet and outlet condenser- 
water temperatures, dynamometer-scale readings, inlet-air tem- 
perature, inlet-air rate of flow, inlet air pressure, exhaust pres- 
sure and per cent smoke in the exhaust. During the test interval, 
pictures were taken of pressure-crank-angle cards on the screen 
of the oscillograph. After test data had been completed, the 
compression ratio was changed, 4/2 hr being allowed for stabiliza- 
tion of operating conditions, and the procedure was repeated in 

/ 


tained. Operation for longer periods of time always 
resulted in a loss of power due to sticking of the 
top piston ring. With rings and grooves clean, a 
check of the blowby even at highest compression ratios indicated 
that it was considerably less than 3 per cent. 


Test RESULTS 


The results of performance tests are shown by the curves in 
Figs. 3 and 4, for a load of 3!/2 bhp. Figs. 5 and 6 show the same 
characteristics for a load of 41/2 bhp. It should be noted that 
for this horsepower the maximum compression ratio for con- 
tinuous operation was 23 to 1. 

The curves, based on performance at a wide range of com- 
pression ratios, show a number of interesting trends in compres- 
sion ratios above 16:1. Friction horsepower increases with 
compression ratio. Indicated mean-effective-pressure values of 
109 psi were obtainable without excessive smoke. Smoke in- 
creased rapidly and became excessive at mean-effective-pressure 
values above 115 psi. 

Brake and indicated fuel consumption curves have a con- 
cave upward shape. They reveal decreasing fuel rates until 
the range of optimum compression ratios is reached. Fuel rates 
then increase. 

Volumetric efficiency remains constant within 2 per cent over 
the range of compression ratios covered. Exhaust appearance 
becomes smokier with increases in compression ratio above 20 
to 1. Heat losses to the coolant decrease with compression 
ratio, reaching a minimum value in the compression-ratio range 
from 23:1 to 28:1. Further increases in compression ratio lead 
to slightly increased heat losses. 
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From the data included in Figs. 3, 4, 5, and 6, and from tests 
at lower horsepower ratings, Fig. 7 was constructed. It shows 
the optimum compression ratios for the range of imep values 
studied with this precombustion-chamber-type Diesel. Fig. 
7 brings out the fact that the maximum values of the imep as 
well as brake and indicated horsepower decrease with an in- 
crease in compression ratio after a ratio high enough for smooth 
ignition is reached. 

It should be pointed out that while the range of compression 
ratios indicated gives maximum fuel economy, the curves of 
indicated fuel consumption versus compression ratio (see Figs. 
3 and 5) are relatively flat for this type of engine. The range 
of compression ratios considered optimum might therefore 
be lowered considerably if such factors as engine wear and struc- 
tural strength and weight are considered. 
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Discussion 


H. H. Foster.’ As far as the writer knows, a compression 
ratio of 31:1 is considerably higher than has heretofore been re- 
ported. Apparently the author’s test procedure and equipment 
were such that a maximum of information was obtained with a 
minimum of effort. The difficulty of carrying out rigorously an 
investigation of this kind is recognized and appreciated, for it is 
seemingly impossible to obtain a large change in the compression 
ratio of a Diesel engine without a resulting unpredictable change 
in the fuel and air mixing. From a practical viewpoint, perhaps, 
it is not feasible or entirely desirable to investigate engine per- 
formance at different compression ratios, independently of the 
variation in fuel and air mixing, but rather to choose for the in- 
vestigation a combustion chamber such thatthe variation in mix- 


3 Engineer, Engine Research Division, Aircraft Engine Research 
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ing is a minimum and the results have the greatest practical 
application. 

It is quite likely that the author’s test results were affected by 
variables, other than the compression ratio, which are not dis- 
cussed in his paper. In any investigation of Diesel-engine per- 
formance at different compression ratios, the investigator is con- 
fronted with the problem of how to obtain the necessary change 
in combustion-chamber volume without a consequent change in 
combustion efficiency. 

Unlike the gasoline spark-ignition engine in which the fuel and 
air mixture is homogeneous and therefore unaffected by changes 
in the combustion-chamber shape, the Diesel-engine fuel and air 
mixing is affected by differences in degree of fuel-spray impinge- 
ment, and by changes in the relative positions of the fuel sprays 
and the mass of the combustion air. Fig. 8 of this discussion has 
been prepared to show the relative combustion-chamber lengths 
in the CFR engine used by the author for compression ratios of 
12:1 and 31:1. The change in length is from about 1'/2 in. to 
about 1/. in. Obviously, there will be considerably more spray 
impingement when the nozzle tip is !/z in. from the chamber wall 
than when it is 1!/, in. away. It seems reasonable to believe 
that the combustion would be poorest when the spray impinge- 
ment is the greatest. This belief is in agreement with the writer’s 
experience and seems to be borne out by the trend of the curves in 
the paper, that is, the thermal efficiency decreases and the ex- 
haust smoke increases at the upper end of the compression-ratio 
range. It is suggested that, if further work is contemplated, a 
combustion chamber of a different form be considered. 
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Fig. 8(6) herewith, shows an open-type chamber for the CFR 
engine for the foregoing compression-ratio range, 12:1 to 31:1. 
It is believed the open chamber formed between the piston 
crown and cylinder head with a central radial fuel spray should 
affect the combustion efficiency considerably less than the pre- 
chamber shown in Fig. 8(a@) for equal changes in compression 
ratio. 

In the section on operating procedure, the author mentions a 
“proper” injection-advance angle without defining it. In refer- 
ence (10) of the paper, however, it is stated that ‘‘the angle of in- 
jection which would maintain engine output for the lowest rate 
of fuel injection was noted.” (The lowest rate of total fuel flow 
rather than the lowest rate of injection presumably is meant.) 
From data in reference (10), the writer has prepared a plot, 
Fig. 9, of the ratio of explosion pressure to compression pres- 
sure versus compression ratio to show the large decrease in pres- 
sure-rise ratio with increase in compression ratio for these 
‘roper’”’ advance angles. The decrease is certainly greater 
than might have been expected and, from a practical viewpoint, 
is very fortunate: otherwise the upper range of the investigation 
would have been limited by maximum cylinder pressures. 

The author states that the compression ratio should increase 
with a decrease in indicated mean effective pressure. Conversely, 
then, for high indicated mean effective pressure the compression 
ratio should be low. The latter seems to be in agreement with 
the present trend of thought in connection with compounding 
where extremely high boost pressures necessarily, from a practi- 
cal standpoint, mean correspondingly low compression ratios. 


W. J. King.4 The author has tackled a difficult experimental 
project and has contributed some interesting data. However, 
the difficulty of the problem is illustrated by the statement: 

“The compression ratio was changed by varying the volume 
of a cylindrical precombustion chamber with a movable plunger 
in such a way as not to affect materially the combustion char- 
acteristics.”’ 

It is almost inconceivable that this could be accomplished, as 
it is more plausible to suppose that the volume of the precom- 
bustion chamber must necessarily have a significant effect upon 
combustion. This appears to be reflected in Figs. 3 and 5 of the 
paper, which show rapid increases in per cent smoke at the higher 
compression ratios. It is possible, therefore, that the decreased 


' thermal efficiencies at the higher ratios are due primarily to the 


abnormal impairment of combustion. Perhaps the shape of the 
curves would be different if the compression ratio had been 
varied by changing the stroke without disturbing the com- 
bustion chambers. 


4 Supercharger Engineering Division, General Electric Company, 
Lynn, Mass. Mem. A.S.M.E. 
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Rare Miner.’ The data plotted in Fig. 5 of the paper con- 
firm the theoretical work of other investigators, with respect to 
the effect of clearance volume on volumetric efficiency. 

The volumetric efficiency of a 4-cycle Diesel engine does not 
change with the volume of the clearance space nor is it affected by 
the temperature of the residual gases remaining in the clearance 
space after the end of the exhaust stroke. Volumetric efficiency 
is affected by wire drawing or pressure drop through the inlet 
valve but in moderate-speed engines this pressure drop is 
negligible, and the volumetric efficiency is almost entirely fixed 
by the heating of the fresh air charge from hot surfaces during 
the suction stroke. Obvious as it is, this theory is not generally 
recognized. The change in volumetric efficiency should there- 
fore follow the line of total heat loss to the water jackets. 

Optimum compression ratio with constant combustion pressure 
would have been of greater practical value to the designer be- 
cause maximum pressure is usually fixed by design, whereas com- 
pression ratio can be changed. 

In the method used by the author the volume of the com- 
bustion chamber is changed to change compression ratio. This 
variation of volume, which greatly influences combustion 
efficiency, could be eliminated by changing the stroke and main- 
taining constant the combustion-chamber shape and volume. 


P. H. Scuwerrzrr.* Carefully conducted investigations on a 
specific problem of a limited scope, like the one presented, have 
their place and may yield very useful results if the instrumenta- 
tion and procedure are correct, and the results are properly in- 


‘terpreted. The instrumentation set up by the author was com- 


plete, and the readings were taken with apparent care. Yet some 
of the results obtained appear questionable. 

While the writer finds himself in complete agreement with the 
final conclusion that the engine power generally decreases with an 
increase in compression ratio after a ratio high enough for smooth 
ignition is reached, he finds insufficient data in the reported re- 
sults upon which to base this conclusion. Running smoothness 
has not been reported by such scale as the maximum rate of 
combustion-pressure rise or by any other scale. Figs. 3 and 5 of 
the paper show best fuel consumptions at 23 and 17 to 1 com- 
pression ratios, but being plotted for constant brake horsepower 
they do not show what ratios give maximum power. What Fig. 7 
represents is not clear to the writer. 

The lowest specific fuel consumptions are shown as 0.85 and 
0.81 lb per bhp-hr and the mechanical efficiency at full load varied 
between 35 and 40 per cent. These are at variance with our ob- 
servations’ which show 0.65 lb per bhp-hr and mechanical effi- 
ciencies of the order of 65 per cent. The difference in speed 
(1200 rpm against 2000 rpm) can hardly account for that great a 
difference in fuel consumption. Plotting the values for com- 
pression pressure might be helpful as the movable plunger and 
other parts may not have been tight at compression ratios as 
high as 31:1. 

The appearance of the curves, showing variations of indicated 
horsepower, friction horsepower, fuel consumption, maximum 
pressure, and smoke, agree with those observed by the writer, but 
numerically some of them show differences greater than attribut- 
able to the difference in engine speed or to experimental error. 
The complete report no doubt would shed some light on the dis- 
crepancies. 


5 Chief Engineer, Worthington Pump and Machinery Corporation, 
Buffalo, N, Y. Mem. A.S M.E. 
Professor of Engineering Research, The Pennsylvania State Col- 
lege, State College, Pa. Mem A.S.M.E. 
7“Oxygen-Boosting of Diesel Engines for Take-Off,’’ by P. H 
Schweitzer and E. R Klinge, The Pennsylvania State College, Engi- 
neering Experiment Station Bulletin, No. 54 1941 
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AuTHOR’s CLOSURE 


The author feels highly complimented by the interest exhibited 
by the engineers who have discussed this paper. The discussion 
has not only served to add information on a number of points in 
the paper but also to bring out some of the difficulties involved 
in an investigation of this type. 

Messrs. Foster and King bring out in their discussion the effect 
of changes in combustion-chamber size and shape on combustion 
efficiency and point out that the type of chamber used undergoes 
such changes. The author was aware of these changes but felt 
that the increased pressure and density of the charge at higher 
compression ratios tended to offset changes in combustion- 
chamber shape, size, and surface- volume ratio. As noted, how- 
ever, the performance curves indicate a definite falling off in? com- 
bustion efficiency at very high compression ratios. Some of this 
was due to increased impingement as suggested by Mr. Foster. 
A number of tests were run varying the injection pressure and 
very little measurable effect was noted on the combustion effi- 
ciency. At higher injection pressures, greater impingement was 
to be expected. It is likely that another factor also affected the 
combustion efficiency greatly. A considerable portion of the 


total clearance volume at high compression ratios is in the pass- ° 


ageway from the precombustion chamber to the cylinder and in 
the clearance space between piston and cylinder head. This 
means that the fuel-air ratio in the precombustion chamber at 
the start of combustion is greater at high compression ratios than 
at low ones. A greater portion of the burning would therefore 
have to take place in the cylinder. This would offer possibilities 
for less efficient combustion. 

It is felt that Messrs. King and Miller’s suggestion of using a 
fixed combustion-chamber shape and volume and varying the 
compression ratio by changing the length of stroke would give 
constant combustion efficiency. Lack of equipment for such an 
approach to the problem made this method untenable. 

Mr. Foster’s interpretation of the “proper’’ injection-advance 
angle is entirely correct. The pressure-rise ratios given by Mr. 
Foster in Fig. 9 offer further interesting data regarding the 
pressures encountered during combustion. 

Mr. Miller’s comments on volumetric efficiency explain why 
volumetric efficiency was relatively constant throughout tests. 
The entering air was heated to a high temperature so that there 
was very little change in charge temperature during the suction 
stroke although total heat loss to the evaporative cooling system 
varied with engine output. 

Mr. Miller also suggests that optimum compression ratio with 
constant combustion pressure would have been of greater practi- 
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cal value to the designer. In running the tests the author 
aimed to do this and made an effort to set the maximum pressure 
at 1150 psi. Unfortunately, the injection equipment and engine 
characteristics only allowed this pressure to be maintained 
throughout a portion of the tests. For those on which data are 
given in this paper 1050 psi is approximately the maximum value. 
Since a very high maximum pressure could not be maintained 
constantly, results were taken at the maximum pressure obtaina- 
ble with the injection equipment and combustion-chamber 
design used. 

Professor Schweitzer questions the meaning of Fig. 7. By 
those curves the author intended to enclose the optimum range 
of compression ratios to be used with the test engine at any value of 
indicated mean effective pressure. For instance, at an Imep 
of 80 psi, optimum fuel economy would be obtained for a com- 
pression ratio between 20 and 24 since the efficiency curve 
against compression is relatively flat in this range. 

The brake specific fuel rates and mechanical efficiencies ob- 
tained at full loads on these tests do not agree with those obtained 
by Professor Schweitzer in his work at Pennsylvania State 
College, using a CFR Diesel. The values in this paper show 
higher brake specific fuel rates and lower mechanical efficiencies. 
Since the tests given in the paper were made using a CFR engine 
with high-speed crank case while those run by Professor 
Schweitzer were made on a CFR engine with a low-speed crank 
case, these differences were to be expected. The engine with the 
high-speed crank case has a three-throw crankshaft and uses two 
balance pistons in the crank case in order to provide dynamic bal- 
ance at speeds above 1200 rpm. The friction horsepower is 
increased by the balance pistons, resulting in a lower mechanical 
efficiency than would be obtained using the low-speed crank case. 
Increased friction horsepower also leads to higher brake specific 
fuel-consumption values. Indicated performance character- 
istics of the two engines would be more comparable since the 
engines differed greatly in mechanical efficiency. 

Fig 9 submitted by Mr. Foster in his comments gives some of 
the additional data requested by Professor Schweitzer. No 
measurements of rates of pressure rise were made. In reference 
(10), however, indicator cards are given for all tests run. These 
cards indicate very high rates of pressure rise since high thermal 
efficiency rather than smoothness of running was the criterion 
chosen for the tests. 

It is noted that the general trends and appearance of the curves 
agree with those of other observers who have made tests over 
more limited ranges of compression ratio. 


Elastic Properties of Plastic Materials 


By JOHN DELMONTE,! LOS ANGELES, CALIF. 


Unlike most metals, the average plastic material does 
not havea sharp break in the stress-strain curve to denote 
the yield strength or elastic limit. Usually experience or 
even conjecture is the guide to determining working 
stresses. An advance toward the solution of this problem 
is made by the author, who describes beam-deflection 
methods of obtaining elastic-limit stress data which have 
special significance in practical applications. A curve- 
deviation method is also suggested by means of which 
elastic limits are more accurately determined than by 
conventional] stress-strain technique. 


specific characteristic of organic plastic materials seldom 

referred to in technical literature or in tabulations of 

physical properties is the elastic limit of plastic materials. 
This has left the determination of working stresses for plastics a 
matter of conjecture or of experience. The reason for this ap- 
parent gap in technical data may be explained by the difficulty 
of evaluating elastic limit from the tensile stress-strain curves of a 
plastic material. Unlike most metals, the average plastic 
material does not have a sharp break in its stress-strain curve to 
denote the yield strength or the elastic limit. In fact, as brought 
out in this paper, values of yield strength and elastic limit which 
have been reported vary considerably, leaving the designer con- 
fused as to safe limits of working stress. 

Various definitions have been proposed for the elastic limit of 
plastic materials and related values of proportional limit. For 
example, the A.S.T.M. Specification D 638-42T offers the follow- 
ing definition: 

“Elastic limit’”’ is the greatest tensile stress which a material is 
capable of carrying without a permanent deformation remaining 
upon complete release of stress. 

More recently tests which have been reported for various plas- 
tics show preference for proportional limit (tangential) and offset 
yield strength (1, 2).2 These are defined in A.S.T.M. Standard 
E 6-36 as follows: 

“Proportional limit’’ is the greatest stress which a material is 
capable of developing without a deviation from the law of pro- 
portionality of stress to strain (Hooke’s law). 

“Yield strength” is the stress at which a material exhibits a 
specified limiting permanent set (0.01 per cent and 0.2 per cent 
offset values have been reported for organic plastics). 


Srress-STRAIN CuRVES OF PLastic MATERIALS 


The proportional-limit and yield-strength values are just as 
difficult to evaluate as the elastic limit, as reference to Fig. 1 
will demonstrate. These stress-strain curves may be found in 
references (2) and (8). A typical thermosetting and thermo- 
plastic compound are plotted, with arrows vaguely pointing to 
the proportional limit. The straight lines offset a specified 
amount will not -necessarily give concise data because of the 
gradual sloping of these stress-strain curves. 


1 Technical Director, Plastic Industries Technical Institute. Mem. 
A.S.M.E. fh 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Rubber and Plastics Division and presented 
at a meeting of the Aviation Division, Los Angeles, Calif., June 8, 
1944, of Tor Amprican Socipty or MEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 


of the Society. 


The problem is further complicated by the fact that what 
should be a specific physical property of an organic plastic mate- 
rial is in fact a function of the rate of applying stress. Specifica- 
tions for the tensile or compression testing of plastics carefully 
define the rate of crosshead travel of the testing machine (4). 
In many instances this is specified as 0.05-ipm rate of crosshead 
travel in loading the test specimens of rigid plastics when stress- 
strain data are required, although this rate is greatly increased 
to 20 ipm when the plastics resemble rubberlike elastomers (5). 

The variation of the stress-strain characteristics of plastic mate- 
rials with rates of loading is to be expected because plastic 
materials have been observed to creep at very low values of stress 
(6). This imphes that creep will take place during the normal 
application of load in testing, even at values far below the appar- 
ent elastic limit. 

Experimental data on the variation of stress-strain characteris- 
ties of cellulose acetate with time of applying load have been 
shown in earlier literature (7, 8). In fact, the proportional 
limit may be observed anywhere from 1000 psi to 3800 psi, de- 
pending on the speed of testing. More recent data on the in- 
fluence of rate of loading on the stress-strain curve have also 
been reported for polyvinyl butyral (9). Data on the effect of 
rate of strain on yield strength of brass, aluminum, copper, and 
§.A.E. 1020 and 1045 steel have already been reported, although 
the effect appears much less pronounced than for organic plastics 


(11). 
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There are various methods which may be employed for analyz- 
ing the elastic properties of materials. Contrary to popular 
impressions, elasticity is not necessarily determined by the 
amount of stretch or the amount of deformation but rather by the 
ability of a material to recover its original dimensions once it has 
been deformed. Thus, for example, a piece of steel may be more 
elastic than a piece of rubber in its greater ability to spring back 
to size upon removal of stress. 


Two-PHAsb CHARACTER OF ORGANIC PLASTICS 
In analyzing the physical behavior of organic plastics, one 
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will be impressed by the fact that he is dealing with a two-phase 
system and by analyzing it from this point of view, the anomalies 
of the elastic properties may be better understood. The two- 
phase character of plastics can be identified from the following 
salient facts: 


1 Most molding compounds consist of resin-filler or resin- 
plasticizer combinations. 

2 Most organic plastics possess an average molecular weight. 
There are low, medium, and high molecular-weight portions, 
varying in chemical and physical properties. 

3 Laminated plastics consist of a resin binder and a reinforc- 
ing material. 

4 There is evidence that some thermoplastics possess crystal- 
line and amorphous phases, as evidenced by discrete spots in 
certain X-ray diffraction photographs. 


In the light of physical behavior we may employ simple ex- 
pressions in defining the two phases of an organic plastic (6): 

Phase 1—Elastic portion: This portion permits instantaneous 
deformation under load and instantaneous recovery. 

Phase 2—Plastic portion: This portion permits the plastic 
to continue deformation even after load has been applied for a 
period of time (creep). 


Test Mernop For EyaLuaTiInc Evastic PROPERTIES 


In order that we may determine characteristics of the elastic 
portion we must employ experimental techniques which will 
permit evaluation of only the elastic properties. Such an ex- 
perimental technique should be predicated upon substantially 
instantaneous phenomena before the results are clouded by 
deformation occurring in the time-dependent plastic portion. 
This would rule out the use of a universal testing machine in 
favor of a testing method where fixed loads and instantaneous 
deformation of the plastics can be observed. Such a technique 
is possible by means of apparatus already described in refer- 
ences (6) and (10). The simple cantilever beam is preferred for 
the following reasons: (a) Load is applied at that portion where 
stress concentration is minimum; and (b) the mechanical ad- 
vantage of a simple cantilever beam in revealing small deforma- 
tions is excellent. Of course tensile and compressive stresses are 
present, varying from maximum at the point of support to 
minimum at the end. However, the gradient is uniform, and 
the results express a performance more applicable to practical 
application than if the test were performed under pure tension or 
compression. 

The testing technique consists of applying carefully a fixed 
weight at the end of the beam for a 1-min interval, removing the 
load, and allowing recovery to take place for 3 min; loading once 
again, etc., repeating this cycle 3 times. Deformation is read 
with an accuracy of +0.001; although the time interval during 
the first 30 sec may have varied as much as plus or minus 2 sec 
during observation of the deformation. The cycle is repeated 
3 times largely to check readings and to observe changes in 
comparing one cycle with another. 

The weights chosen were calculated to give certain maximum 
fiber stresses from the well-known formula, M = SI/c, where M 
is the maximum fiber stress and I/c the section modulus. The 
maximum fiber stress is recorded on each chart shown herewith. 
The technique could be improved through the use of an auto- 
matic electronic deflection-recording mechanism which did not 
contribute to the weight at the end of the beam. No correc- 
tions were made for the unsymmetrical tension and compres- 
sion stress distribution but, rather, results are reported in the 
light of their integrated behavior. 

All tests were conducted at temperatures varying from 75 to 
80 F, and upon removal from a 50 per cent relative humidity 
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conditioning box. Prevailing humidities at time of tests were 
35 to 50 per cent. 

Analysis may be predicated on the assumption that instan- 
taneous deflection substantially equals the instantaneous recovery 
within the elastic limit of the material. We may also detect 
the elastic limit through the drift of the zero point, indicating the 
attainment of permanent set. Other factors which were ob- 
served to indicate the elastic limit were: (a) Initial rate of 
creep recovery exceeds the initial rate of deformation under 
constant load (dR/dt to dD/dt) exceeds'1, where R is the recovery 
and D the deformation. (6b) The elastic limit is readily indi- 
cated by the drift or deviation in deformation-time curves of 
adjacent cycles. This latter method provided the most positive 
index of the elastic limit and is described more fully later. 


MATERIALS TESTED 


1 Molded phenolic, rag-filled, !/s in. thick; 
cal Company, see Figs. 2 and 3. 

2 Cellulose-acetate sheet, !/s in. thick, Figs. 4 and 5. 

3 Laminated phenolics, cloth, 8 oz per sq yd; resin content, 
49 per cent; Grade C; laminated at 1500 psi and 330 F; 1/3 
in. thick, see Figs. 6 and 7. 

4 Phenolic molding compound, woodflour-filled, 1/; in. 
thick; Monsanto Chemical Corporation, Fig. 8. 

5 Polymethyl methacrylate sheet; !/s in. thick, Fig. 9. 


| 
Se Let 
MAx fae STRESS 


Monsanto Chemi- 


ACTUAL DEFLECTION KEADINGS INCHES 


ACTUAL READINGS RECOVERY 


\Oo0RS.1 
Nip Fale ess 
38 
20 40 60 20 4O 60 ‘Bo 


TIME IN SECONDS TIME iN SECONDS 


Fic. 2 Time-DrerorMaTION CuRVES OF Rac-FILLED Mo.LpEep 


PHENOLIC PLASTICS 


76 
MAX. FIBER STRES: 
8 1s S000Ps: 
= 
Vy 
& 
ry 
2 74 
2a eee. rf 
a z= 
< a) 
rh: Les 3500rs1 3 
= 
° > 
> 5 
3 3 
i 62 9 
48 « 
a 

z s 
> - 
= 58 x: 
z ze70rs1 
< 

<7 

20 4O 60 20 4O 60 180 


Time tn SEconDs 


TiME in SECONDS 


3 Time-DerorMATION Curves or RacG-FILLED MOoLpEpD 


PHENOLIC PLASTICS 


Fic. 


DELMONTE—ELASTIC PROPERTIES OF PLASTIC MATERIALS 479 


z =~ 163 ~62l_ 


133 
470 
432 
AF \ 
an 
¥ uv 
Bor w \ 
5 y 
5 =z 466 oF 
5 >» © \ 
3 lax. FIBER iy o = 
z Law STRESS -/000F3' z z 8 
g fa S| 467 Niece \ \? 
rd « 
c & > 
5 z A § 
4.29 ~ r= > 
e g 5 i 3 
J 3 oS Le yo os 
¥ af 
[4 wu . & 
A 3 x : 
B 5 2 
5 $ </ 3 
Fg r= Pp 465 5 -w# 
G 5 2 g 
=e NS x 
Pf) 00 Psi 
Ao4 MAX. fiBER -63 
STRESS- /SOOPS/ 
Ime in SEconDs 20 40 <o zo 40 60 (80 
i] 
“92 b go Ct | oe : 0 igo TIME iN SECONDS 


Tie IN SECoNGS 


Fie. 4 Time-DerorMATION CURVES OF CELLULOSE-ACETATE [F1c.5 Timp-DEFORMATION CURVES OF CELLULOSE-ACETATE SHEET 


SHEET 
MAX. FIBER i] 
STRESS 76 2 | ive | 4 +78 
2160 é 
PSI 
re S Ht 77 
g s -FIBER STRESS 
mf 9 3610 PS.) 
« 1d 4 
2 , 7% z to) 3:76 | —— 
= 2 < %b a 
2 a “ 2 Soy 
z Py 109 Z z 
B75 z we 
5 1620es1 z 2 , is z 
= S eR ie | 5 
bx 8 vy a 102 8 76 
2 wt wi wt 
Ww c a a 
a 4 + a 
a < nS < 
< 3 75 2 «0! Beers: 
2 5 o) 2700Rs) oO > ~ 
2 < =e 
1080es1. | 
74 1.00 74 Lea ee 
20 40 60 20 40 60 20 40 co 20 40 60 180 
TiME IN SECOnOS Time iN Seconps Time 1N SECONDS TIME IN SECONDS 
o 
Fic. 6 Time-DEerorRMATION CURVES OF LAMINATED PHENOLIC Fic. 7 Timp-DrrorMATION CURVES OF LAMINATED PHENOLIC 
CANVAS CANVAS 
1.0L 


74 


@ 


MAx.FiBerR Stress 
2 


1.00 4YOOORS! 3 


2 
=x 
7) 
Zz 
H 
a 
.0) 
z 74 
P 2 3 
u fe 
cS ; 3000Ps4 & 73 Z ¢ 
md 9 o 5 
oO wt z < 
wu age aes a Lea « 3 oS 
re s Pry xe 
dl Z .73 % 5, 
a 3 z & 
fl < co) w 
w - S 
BS & g Y 
- 2000 rss 2 72 = « 
JZ =) a z 
se 5 = 
: = < z 5 
2 < 
. 7: 2 
a Se : < 
7B pita tele onl 
2 7) 60 20 Yo 60 180 ; 
Time 1m Seconos TIME 1 SECONDS 20 40 60 20 yo 60 /80 


TIME IN SECONDS TIME IN SECONDS 
Fic. 8 Trwe-DerormMatTion Curves oF WoopFrLouUR-FILLED 
Mo.pep PHENOLIC PLASTICS Fic. 9 Time-DerormatTion Curves oF AcRyLIc Piastic SHEET 


480 


All materials were conditioned for at least 48 hr at 50 per cent 
relative humidity prior to test. 


EXPLANATION OF CHARTS 


In all the charts showing test results, deformation under con- 
stant load is shown during the first 60 see. The actual deforma- 
tion readings are plotted, although the same scale is maintained 
throughout and one set of curves may be visually compared with 
another set. In order to magnify the results, the actual elastic 
deformation under load (instantaneous deformation), and the 
actual elastic recovery (instantaneous recovery) are not plotted 
because they are so much greater than the short-time creep curves 
shown. Nevertheless, they may be estimated asfollows:  \ 


Initial elastic deformation = deformation reading extrapolated 
to zero time, minus constant- 
recovery reading at 180 sec. 
(Interpolation to zero time is 
practically impossible for a mate- 
rial such as plasticized cellulose 
acetate, where the initial. creep 
rate is quite rapid) 


The constant-recovery reading at 180 sec is approximately 
equal to initial zero point. Only where elastic limit is exceeded 
for an appreciable time will there be an appreciable permanent 
set. 


Initial elastic recovery = deformation when load was re- 
moved (at 60 sec), minus recovery- 
reading curve extrapolated to zero 
time axis ; 


The circled points represent the first cycle of loading and the 
crossed points the second cycle, while the squared points are the 
third cycle; the error in deflection and recovery readings is 
plus or minus 0.001 in., the early time error is plus or minus 2 sec. 


DISCUSSION OF CHARTS 


It is at once apparent how thermoplastic materials differ from 
thermosetting materials by the steep gradient of their time-def- 
6rmation curves. The more pronounced creep characteristics 
of thermoplastics are well known already for long time intervals 
(12), although not known for short applications of stress. These 
are the first comprehensive data on short-time creep of organic 
plastics. 

The charts also reveal how difficult it is to obtain accurate data 
on initial elastic deformation and initial elastic recovery (R), 
as the elastic limit is approached and passed, because of the 
sharp slope of the curves. Approximations are possible, however, 


TABLE 1 INITIAL ELASTIC DEFORMATION AND INITIAL 
ELASTIC RECOVERY OF PLASTICS TESTED 
Maximum Initial elastic 
fiber stress, deformation, Initial elastic Elastic 
Material psi in. recovery, in. limit 
Phenolic, rag-filled 1500 0.112 0.112 
2170 0.170 0.169 
——— 
2870 0.220 0.215 
3500 0.267 0.257 
—— 
Cellulose acetate 500 0.335 0.330 
1000 0.670 0.650 
Laminated phenolic 1080 0.102 0.103 
a 
1620 0.156 0.153 
2160 0.203 0.197 
Phenolic, woodflour- 
filled 1000 0.065 0.065 
2000 0.130 0.130 
3000 0.198 0.193 
Polymethyl metha- 
erylate 600 0.293 0.292 
ed 
1000 0.474 0.465 
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by extrapolating the curves to the zero time axis. However, the 
earlier expressed theory that elastic limit is reached when initial 
elastic deformation exceeds the initial elastic recovery is borne out 
(see Table 1.) 

An even more satisfactory method for arriving at the elastic 
limit of a plastic material is illustrated in Fig. 10. It is proposed 
that the elastic limit for plastics be determined from the per cent 
deviation of adjacent time-deformation curves on repeated 
cycles of stress. The maximum stress where the percentage de- 
viation of time-deformation curves is zero is proposed as the 
elastic limit. This analysis admits the possibility of creep below 
the elastic limit, though the elastic limit is not attained until the 
material fails to recover fully from creep. At values above the 
elastic limit the absence of full recovery of deformation is noted 
experimentally as per cent deviation of the time-deformation 
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curves. As Fig. 10 brings out, the apparent elastic limit is ap- 
proached sharply. 

In securing data for Fig. 10, the average spacing between the 
curves for the different cycles of stress is divided by the initial 
elastic deformation. This gives the percentage deviation. For 
example, at a maximum fiber stress of 2870 psi for rag-filled 
phenolic composition, the average separation or deviation of the 
deflection curves is 0.0010 in. This divided by the initial elastic 
deformation of 0.220 in. and multiplied by 100 to convert to 
per cent equals 0.45 per cent (see point in Fig. 10). By this 
analysis the elastic limit is effectively located. The values of 
elastic limit are listed in Table 2. 

It is also interesting to note that the experimental phenolic 
molding compounds provided through the courtesy of Monsanto 
Chemical Company were the same materials employed to deter- 
mine the long-time tensile strength (12). The long-time tensile 
strength of the molded phenolic, woodflour-filled, was reported to 
lie within 2000-2500 psi, and the value for the molded phenolic, 
rag-filled, was reported to be 2400-3000 psi. Compare these 
values with the results for apparent elastic limit in Table 2. On 
the other hand, the proportional limit reported in another refer- 
ence yields values which, in the opinion of the author, are too 
high for working stresses. 


CoNCLUSION 


In conclusion, the author wishes to re-emphasize that elastic- 
limit stress data obtained by beam-deflection methods hold special 
significance in the practical applications. Elastic limits, as de- 
termined by the curve-deviation method suggested herein, ap- 
pear to be more accurately arrived at than the more conventional 
stress-strain technique. 


DELMONTE—ELASTIC PROPERTIES OF PLASTIC MATERIALS 


481 


TABLE 2 VALUES OF ELASTIC LIMIT FOR PLASTICS TESTED 


Apparent elastic Long-time Tangential Proportional 
limit, psi tensile proportional limit 0.01 per 
Material (Fig. 10) strength, limit, psi cent offset, psi Reference 
psi 
Molded phenolic, rag-filled . 2600 2400-3000 fon wane (12) 
Laminated phenolic, cloth.. 1400 PiGcat 2200 3000 (1) 
Cellulose-acetate sheet...... 400 2900 3200 (1) 
Polymethyl methacrylate... 600 3300 3600 (1) 
Molded phenolic, woodflour- 

filled 3. Ae lclscrsiciciveesins 1900 2000-2500 (12) 
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CABIN SUPERCHARGER ON PERFORMANCE Trst IN DC-4 ATRPLANE ENGINE NACELLE 


Presentation of Centrifugal-Compressor 


Pertormance in Terms of Nondimen- 


sional Relationships 


By B. E. DEL MAR,! SANTA MONICA, CALIF. 


The common difficulties encountered in handling per- 
formance information on centrifugal compressors or 
superchargers are overcome by a new and novel form of 
performance presentation introduced in this paper. 
Nondimensional coefficients which embody measured test 
quantities are derived and performance presentation is 
made using values of these coefficients onasingle combined 
chart. From this chart the pressure, temperature, flow, 
speed, and power quantities, associated with a given 
blower, may be predicted over a broad range of inlet and 
discharge conditions. Particular facility is offered for 
orientation with respect to operation at peak efficiencies, 
for avoidance of surge limits, and for direct performance 
comparison among different compressors. 


1 Assistant to the Mechanical Design Engineer, Douglas Aircraft 
Company,Inc. Jun. A.8.M.E. 

Presented at a meeting of the Aviation Division, Los Angeles, 
Calif., June 5-9, 1944, of THe AMERICAN SocteTY or MECHANICAL 
ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


48 


3 


ERFORMANCE data obtained from tests on centrifugal 

compressors often require presentation in some manner 

which will make possible prediction of operating results 
under conditions differing considerably from those of the tests. 
When a wide variation of inlet conditions is to be encountered, 
as is typical of superchargers on aircraft, in addition to the usual 
variation of conditions at discharge, then this manner of presen- 
tation must be arranged to satisfy a particularly large number of 
variables. 

To serve the purpose of predicting operating results under 
conditions differing widely from those of test, it is common prac- 
tice to plot performance curves rather than to specify any pre- 
determined operating points. To justify the large number of 
variables present when inlet conditions vary over a considerable 
range, these performance curves can be greatly simplified through 
presentation as functions of nondimensional quantities. It is the 
purpose o! this paper to outline an improved means of presenting 
compressor performance in terms of nondimensional relationships 
whereby test results can be plotted to form more closely de- 
fined characteristics curves, and whereby the engineer with a 
minimum of interpretation and calculation can analyze the 
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merits of a blower and design its drive even when intended for 
operation throughout a broad range of inlet and discharge condi- 
tions. 

PERFORMANCE-DATA REQUIREMENTS 


For design work in conjunction with any compressor the 
resultant basic information usually desired for any set of operat- 
ing conditions within the expected operating range is that of 
torque, discharge temperature, and operating speed. The first 
of these functions may also be expressed as power or efficiency 
and the second may also be expressed as temperature rise or 
temperature efficiency. At least three conditions must be deter- 
mined to define the performance, and three sets of curves may 
therefore be expected in the performance presentation. 

A further object can be accomplished by the compressor-per- 
formance presentation if characteristics are given in terms of 
compressor size. Temperature, speed, and efficiency can then be 
compared for small variations in impeller size, and comparison 
can even be made between blowers differing somewhat in general 
size and configuration. 


Errect or VARYING INLET CoNnDITIONS 


A common practice in plotting the performance characteristics 
of commercial fans and ventilating blowers is that represented 
in Fig. 1 wherein the pressure head, power, and efficiency are 
plotted as a function of flow for various parameters of speed. 
Where inlet conditions of temperature and pressure are variable 
as in air turboblowers, and particularly variable over a broad 
range as in aircraft applications, such a plot would make no con- 
sideration for the performance decrease accompanying higher 
compression ratios which are encountered with inlet pressure and 
density decrease even though pressure head is maintained con- 
stant. 

If a plot is made as a function of compression ratio, as shown in 
Fig. 2, one of the shortcomings noted for the previous plot is 
removed but each speed parameter still applies to only one inlet 
temperature, and separate curve sheets must therefore be sup- 
plied for any one inlet temperature in order to represent speed 
performance correctly. In view of these shortcomings and in 
order to provide comparison between compressors of different 
size, a presentation of performance which is soundly based on 
dimensional analysis may be noted as definitely desirable. De- 
velopment and discussion of several different forms for such 
presentation are included in this paper. 


DIMENSIONAL APPROACH 


As a first step in preparing a dimensional background the 
physical quantities related to blower performance are to be noted. 
These physical quantities define the following: 


(a)? Che diuid 5. ni crieneoen Velocity, density, pressure, tempera- 
ture, viscosity, and the ratio of 
specific heats 

(b) The rate of fluid flow...Massintake per unit of time 


(c) The compressor........ Size, and speed of rotation 
(dy Théspowers.0 setae Compressor shaft power 
(e) Flow distortion........ A factor or factors defining any change 


in compressor performance in- 
fluenced by nonlinear shock waves or 
geometric distortion in blower pass- 
2 ages 
(D> Heatiloss:4...20 risa Res Quantity of heat lost per unit time from 
compressor case 


Since we are concerned herein with a compressible fluid, the 
values of the physical quantities associated with the fluid under 
(a) must be considered at both inlet and discharge from the 
compressor. 

In the interest of simplicity it is desirable to eliminate any of 
those quantities noted which have a negligible influence upon the 
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HEAD, HORSEPOWER, EFFICIENCY 


FLOW 


Fic. 1 ConventTionaL BLowEerR CurvES 


(Performance at a high and a low speed is indicated by the solid and dotted 
curves, respectively. ) 


COMPRESSION RATIO 


FLOW 


Fic. 2 ConveNTIONAL CoMPRESSION-RATIO PERFORMANCE PLoT 


(Performance at three different speeds is noted together with typical surge 
limit for a centrifugal compressor. This plot applies to one particular com- 
pressor at one particular inlet temperature only.) 


performance characteristics. Velocity at inlet and discharge can 
thus be discarded from the quantities defining fluid flow in (b), 
for we shall assume either that the compressor is inspiring and 
discharging from relatively large reservoirs, respectively, or that 
we define pressure as total pressure at inlet and discharge, thereby 
including the velocity component. 

Temperature may be omitted from the initial dimensional 
analysis since it is adequately defined by the two quantities den- 
sity and pressure. Likewise velocity may be conveniently ex- 
pressed only as a function of a linear dimension of the blower 
impeller and its rotational speed. 

It is reasonable to expect that some influence on compressor 
performance might result from aerodynamic distortions which 
do not follow obvious physical laws. For example, if compressor 
clearances change as a result of considerable temperature dis- 
tortion, then the resulting change in internal compressor leak- 
age will affect performance. If a nonuniform growth of shock 
waves is created through the approach to sonic velocity within the 
passages, or if operation is attempted at or near stall conditions 
such as are common to centrifugal compressors, then compressor 
performance will be affected. These factors will be discarded 
from this analysis by qualifying the compressor as one of conven- 
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tional rigid design in which temperature distortions, shock dis- 
tortions, and clearance changes are small, and by qualifying the 
performance presentation as intended only for the stable range of 
compressor operation. 

Finally, we shall discard the effect upon compressor perform- 
ance of heat lost from the blower case by assuming that any 
blower is operated under test conditions of temperature and heat 
transfer adjacent to the compressor similar if not identical to 
those under which performance prediction is to be made. Sub- 
stantiation for the omission of these variables in the manner 
noted will be borne out by the results obtained in applications 
of this analysis noted later and by a review of the test data and 
conclusions of reference (1).? 


DIMENSIONAL ANALYSIS 


The actual quantities in which we are necessarily interested are 
given in Table 1. 


TABLE 1 QUANTITIES USED IN COMPRESSOR ANALYSIS 
Quantity Definition Dimensional units 
(m, mass; t, time; 1, length) 
M = mass of fluid inspired in unit time ¢ 
p, and p, = pressures at intake and delivery a 
p, and p, = densities at intake and delivery 3 
2 
y = kinematic viscosity of fluid r 
k = ratio of specific heats of fluid (dimen- 
sionless) 
N = rate of rotation of compressor rotor - 
D = linear dimension of compressor (im- 1 
peller diameter) 
P. = power required to operate compressor ml? 
less that dissipated in bearing fric- t3 
tion 


Subscripts 1 and 2 indicate conditions at compressor inlet and discharge, 
respectively. 


From the ten terms given in Table 1, the flow through the 
compressor is completely defined by the independent quantities 


M, Pi, Pi, ¥; k, D, N 
leaving as dependent quantities 
Pz, p2, le 


The three dependent quantities represent the performance data 
which must be presented in the form of performance curves. 

In order to develop a functional equation relating the perform- 
ance quantities for the many combinations of forces acting in a 
centrifugal compressor it is convenient to make use of the a theo- 
rem relating to mathematical functions. Any physical equation, 
if complete, expresses the relation between all of the different 
physical quantities which control the physical phenomenon in 
question. Let these quantities be designated as Qi, Q2 ... Qn 
if there ben kinds. If several quantities of the same kind appear, 
let these be represented by ratios with respect to one of them as 
Q,r’,r”. Then an equation may be written 


TRO Ge ee AGB? 9 SS? Ue pour case c ange {1] 


The ratios r are nondimensional and may be excluded only in 
such cases where we wish to restrict ourselves to geometrically 
similar systems. 

The zr theorem of dimensional relationships states with re- 
spect to such quantities as follows: If a relation of f(Qi, Q:... 
Q,) = 0 exists among n physical quantities Qi, Qo, ... Q, each of 
which is a function of m primary quantities (such as force, length, 
time, temperature), there is also a relation among m minus n 


2 Numbers in parentheses refer to the Bibliograpy at the end of the 
paper. 


independent dimensionless products formed from the Q’s, (4). 

Now applying the x theorem to these ten quantities, we may 
build up the seven independent quantities into 7 — 3 = 4 non- 
dimensional quantities, taking care that each of the seven 
quantities enters at least once into the group of four. The three 
dependent quantities may then be converted to nondimensional 
form and each expressed as a function of the four independent 
nondimensional variables. 

In grouping these independent quantities, as many of the non- 
dimensional force laws of dynamical similarity should be repre- 
sented as possible. Where viscous forces, gravity (or accelera- 
tion) forces, or pressure forces are expected to exist, then Rey- 
nolds, Froude, and Mach criteria of dynamical similarity, respec- 
tively, should be represented and may be stated as follows (3): 


Ratio of forces 


I ia f 
Reynolds number epee p ea tre R 
Friction force 


Inertia force 


Froude law Gravity force r 


( Inertia force yes 


Dimensionless number Representation 


Mach number M 


Pressure force 


Other similarity laws of Thompson, Cauchy, and Weber which 
are related to attractive forces, elastic forces, and surface tension 
forces, respectively, are obviously not applicable to the centrifu- 
gal compressor. : 

Adding the following symbols to our nomenclature: 


W = weight flow of fluid per unit time 

= volume flow of fluid per unit time 

= impeller-tip velocity 

= area for flow 

= velocity of sound in compressor fluid 
acceleration of gravity 

= absolute temperature of compressor fluid 
= compressor-impeller diameter 

= absolute viscosity of fluid 

= gas constant in perfect gas law 

( Total inertia force 


1/, 
Centrifugal inertia ae 


Then the following dimensional equations may be written rep- 
resenting the similarity laws 


Q Brose Nado 
i 


ApV? D 
Fete eee a te cue, [2] 
A uA Me iA 
aap 


Since V <« NDthen: R may also be expressed as 


ND? 
FRc eerie chetee Rusti asers ate « (3] 
v 
Nis oe VM OyA a “4 
ApN?2D? ID ~ IND CASED 
Leal jie 
Since Q = — and W = gM, then C may also be expressed as 
pg 
M 
NDI [5] 
An Vein. -YV. 
= ApV2 = ieaer rose (6] 


Since V, « / T and from the perfect gas la £ =gRT then 
p ° 


486 


M may also be expressed as 


The dimensionless quantity C is created here for use in place of 
Froude’s law. Term C is defined in the nomenclature as a force 
ratio. Actually this is an expression of continuity of fluid flow 
within the compressor passages, the physical quantities in radial 
flow being thereby directly related to rotor angular velocity. 
Perhaps a name should be given to this dimensionless number. 
Froude’s law is not directly applicable to the centrifugal com- 
pressor because gravity forces, as such, are negligible when pump- 
ing a compressible fluid. 

Returning now to the development of nondimensional quanti- 
ties; from the independent quantities of Table 1 we can see 
that the requirements of the 7 theorem may be satisfied by four 
nondimensional quantities, three of which are from Equations 
[3], [5], and [7], respectively, and the fourth is singularly non- 
dimensional. These quantities are 


Three nondimensional quantities may be developed from the 
dependent quantities of Table 1 by simple relations between 
discharge and inlet density and pressure, and between kinetic 
rotor energy of the fluid at impeller-tip velocity (7), as com- 
pared to power P, previously defined. These quantities are 


Pz pe MN?D? 
pr pr de 


A dimensional equation which fully satisfies the dimensional 
analysis may now be written 


p? p2 MN?2D? M \" ND? 
4 = ND Sees 
Die a = tne A ole [8] 


REDUCTION OF FUNCTIONAL QUANTITIES 


To make possible a simple plot of the relation between any 
one of the dimensionless quantities such as pressure ratio on the 
left-hand side of Equation [8] and the dimensionless functional 
quantities on the right, it is desirable that the number of func- 
tional quantities be reduced by eliminating those not absolutely 
necessary to the analysis. The ratio of specific heats k may be 
deleted from the dimensional equation by qualifying the desired 
performance presentation to be applicable only to operations 
with the same fluid, the diatomic gases, or fluids of equivalent k 


value. The working fluid is of course generally air. Further- 
N D2 
more ——, Reynolds number, may be omitted from the dimen- 
Vv 


sional equation because the viscous forces acting on the walls of 
centrifugal-blower passages are generally small in comparison 
with the centrifugal forces and pressure forces. In this respect 
the centrifugal compressor differs from the centrifugal fan. 
Omission of Reynolds number from the performance analysis 
can be well justified for centrifugal compressors which have 
smooth-surfaced passage boundaries in all operations above a 
Mach number of 0.25. For blowers with complicated guide- 
vane or return-flow passages this omission may be justified only 
above a somewhat higher value of Mach number. For cen- 
trifugal fans operating below a Mach number of approximately 
0.25 (tip velocities less than 10,000 fpm), a performance pres- 
entation which applies Reynolds number as a parameter rather 
than Mach number, should be adopted because viscous forces are 
therein generally predominant over compressibility forces. 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1945 


Graphic presentation of the relations between remaining terms 
in Equation [8] can now be conveniently made by simply plot- 
ting values of any one of the dimensionless dependent quantities 
as a function of the two remaining functional independent quan- 
tities and using the other functional dependent quantity as a 
parameter. Examples of such presentation will be given. 


ALTERNATE QUANTITIES IN DIMENSIONAL HQUATION 


Certain alternate terms, as follows, may be developed to 
those in Equation [8] which may be of special value in presenting 
compressor performance: 

1 An alternate term to the density ratio p2/p; is the tempera- 
ture ratio T2/T, in conformance with the perfect-gas law. An- 
other alternate is the term 7, the adiabatic temperature ef- 
ficiency. 

2 For various power ratios a number of components for the 
numerator or denominator are reasonable. One such component 
is the adiabatic compression energy, the power which would be 
necessary for true isentropic or reversible adiabatic change of 
state of the gas. The adiabatic energy per pound of fluid may 


be expressed as 
k-1 
k re oua 
aR Ts |(2) i 2a [9] 
k—1 Pi e 


pe 
P, = ip Vdp = 
Pr 


where F is the perfect-gas constant. 
ing 


Defining now the follow- 


b=1 
ue | (#) eee | iki een [10] 
Pi 


= specific heats at constant pressure and constant volume, 
respectively 
J = mechanical equivalent of heat, a constant 

The total adiabatic power may then be expressed as 


is) 
e 
| 


k 
PW Sepp eo a ee (11) 
k—1 ; 


: : ‘ Rk c 
Since for diatomic gases c, —c, = 7 and k = — then 
: ce 


The following components for the numerator or denominator 
of the power term are reasonable: 


(a) c,JT,YW, the adiabatic power 

(b) P, blower-drive power less bearing friction 

(c) P,, blower-drive power including bearing friction 
(dq) (LT2—T))c, JW, actual temperature-rise power 


WN2D?2 
(CO) 
g 


, impeller energy or power 


Using these components in simplified fractional relationships, 
we may define 


; Thy 


———— 7 17) ACA DADC CHIL CLON CY a teiektns ie renee 13 

7p, =? Adiabatic efficiency [13] 
P 

p= %m mechanical efficiency............ {14] 

Cp J LY W 4 , q F 

ge ae = 7,, adiabatic shaft-power efficiency... . [15] 
Cruanys 

P aan = 7,, pressure-energy coefficient........ {16] 


Obviously other combinations of the components (a), (b),’(c), 


' (d), and (e), are possible. 


~~ 


, 
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P2 
Py 


COMPRESSION KATIO 


: COEFFICIENT OF FLOW tou 
np? 


Fic. 3 Compresston-Ratio. PERFORMANCE PLor REFERRED TO 
INLET-VOLUME FLow AND MacH NUMBER 


(Performance at three values of Mach number is noted. Presentation is 
dimensionally correct but uses quantities of indirect measure.) 


ie f 
pat bee 
T2.7; 


(TEMPERATURE RISE RATIO) 


i] ADIABATJC TEMPERATURE EFFICIENCY 


vd COEFFICIENT OF FLOW Q 
ND? 


Fie,4 ApIABATIC-TEBMPERATURE PERFORMANCE PLOT REFERRED TO 
InLET-VOLUME FLow anp Macu NuMBER 


(Performance curves for three widespread values of Mach number are 
shown in typical form. Low, medium, and high values are noted 1, 2, 3, 
respectively. Presentation is dimensionally correct but uses quantities of 
indirect measure and is not readily determinate for speed due to use of speed 
quantities in more than one of the nondimensional coefficients.) 


3 For the compressibility term in Equation [8], which is 
ae 


ND Ve one alternate — may be found from Equation [6] and 
P1 


ND 
still another VT, from Equation [7]. 
1 


4 For the remaining centrifugal forces term in Equation [8], 


one alternate form may be noted from 


hich j M Q 
which is OND?’ ND: 
Equation [4]. Other forms which are dimensionless and still 
satisfy the x theorem in derivation of the term are 


M MN M Mp.DN3 Mp. 
DV pin 7 pD’ xp,D’ pe ” p2N3D? 
MN°D MV ne MN?/pii 


vp pi2N2D+ y p 
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1’, 
v 


CIT, 
P 


PRESSURE ENERGY COEFFICIENT 


Np 


COEFFICIENT OF FLOW _Q 
Np? 


PRESSURE-ENERGY PrRFORMANCE PLort REFERRED TO 
INLET-VoLUME Frow anp MacuH NUMBER 


(Performance curves for three widespread values of compressibility parameter 
are shown in typical form, Low, medium, and high values of Mach number 
are noted 1, 2, 3, respectively. Quantities are of indirect measure and the 


BxGee5) 


_form of flow coefficient is such as to cause confinement of curves in a some- 


what congested range.) 


coJT, YW 
se lie 
Py 


Np ADIABATIC SHAFT POWER EFFICIENCY 


° COEFFICIENT OF FLOW EOS 
np3 


FieaG.6 AptaBatic-SHart-PowrR PERFORMANCE PLOT REFERRED TO 
InLET-VOLUME FLOW anp Maca NuMBER 
(Refer to notes under Figs. 4 and 5.) 


Current Use oF TERMS IN DIMENSIONAL EQUATION 


In the design and testing of centrifugal compressors con- 
siderable use has been made of nondimensional quantities con 
forming to the manner of presentation which is shown in Figs. 
3, 4, 5, and 6. The dimensional equation for this presentation 


is as follows 
Q V 
iis Eon 


Pp2 YS CSTs Yg CJ Ti YW 

Dr ’ T = T, ’ V2 , De = 

All terms of this equation have been previously identified and 
substantiated. Explanation of the graphic presentation of 
Equation [17] is made under Figs. 3, 4, 5, and 6. 

A presentation of compressor performance in graphic form is 
shown in reference (1), conforming to the following dimensional 
equation 

P2 ie 
Pi : T. a, T, 2 {2 3 


oJ T1YW W N 


: oet 1S) 
V pips | 
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Substantiation of the first three terms has been made previously. 


W M 
For the latter two, —[—= may be derived from ———~=—— where 
V Pipi DV pip1 


MF is substituted for M and then the constant g and di- 
g 


N ; mt 
—>j— may be derived by omission of 
1 
D from the corresponding term in Equation [7]. 
In the same manner that D was omitted in the foregoing, use 


mension D are omitted; and 


is often made of the term Q rather than pus and furthermore, 
N ND3 
a single ND curve rather than a multiple-curve parameter such as 


D. ; ‘ ; 
— is occasionally used. Regarding these forms, it must be 
c 


noted that omission of the dimension D from the performance 
presentation is not incorrect but only prevents direct compari- 
son of results between compressors of different sizes. Omission 
of the compressibility parameter cannot be substantiated, how- 
ever, except for certain limited-range test work. 

Some serious disadvantages are present in these current 
methods of performance presentation. What is actually desira- 
ble is the following: 


(a) Use of measured quantities. 

(b) Use of rotational speed in only one functional quantity. 
(c) Clarity and spread of plotted results. 

(d) Well-defined limits of operation and surge. 


That these aims have not and cannot be achieved by the current 
methods has bared the need for improvement. 


Finau CuHoicr oF TERMS FOR DIMENSIONAL EQUATION 


Density is measured through temperature and _ pressure. 
The effect of humidity on density is so small as to substantiate this 
substitution. Therefore the latter terms should be used in the 
graphic plots. Use of kinematic viscosity », mass rate of flow 
M, and density p is not convenient. The directly measurable 
quantities on test (2) are W, pi, po, T1, T2, N, and P, all of which 
have been defined previously. 

f Power P is not a directly measured quantity, since by our 
original definition, bearing friction is not included. It is to 
our advantage to use the factor P, denoting power to operate the 


P2 


COMPRESSION RATIO 


FLOW COEFFICIENT 


Fia. 7 Compression-Ratio PeRroRMANCE PLor DEVELOPED FOR 
APPLICATION TO CENTRIFUGAL COMPRESSORS 


(Performance curves for three widespread values of compressibility parameter 
are shown in typical form. Typical uniform track of test points is also 
shown. Clarity results from spread of curves and use of measured values.) 
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compressor at the impeller shaft rather than power P, since in 
the prediction of operating characteristics for conditions other 
than those of test as well as in comparisons between different 
blowers, the actual torque and power, which can be tested and 
must be furnished by the drive, is of first importance. In other 
words, test results on a blower with poor bearings and high seal 
drag should generally be made to show up to its disadvantage 
in the performance curves. It is to be noted that a small power 
error may be introduced if performance prediction is to be made for 
operations wherein the bearing fits, shaft-seal loads, and lubrica- 
tion temperatures are different than they are on test. It will be 
assumed here that the test does simulate these particular operat- 
ing conditions. Where slight differences cannot be prevented, 
the resulting influence on power input is still very small. 

The flow coefficient or abscissa of the performance plot should 
not contain the quantity JN, since speed of rotation is the primary 
variable in centrifugal-compressor operation. Of the available 
forms Paes noted for this term only the nondimensional 


—— is free of N and v. 
WE 
easily converted to include only the desired measured quantities 
Te 
so that the result is — * 
gD*p, 
in this flow coefficient results from the following derivation 


quantity This quantity may now be 


The fact that N has been eliminated 


2 ND ) 


“Vt, 


Cx M = 


ll 


The constant g may be omitted for simplicity. A final dimen- 
sional equation in the desired form for compressor performance ~ 
presentation may be written 
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PLICATION TO CENTRIFUGAL COMPRESSORS 
(Refer to note under Fig. 7.) 


DEL MAR—CENTRIFUGAL-COMPRESSOR PERFORMANCE IN NONDIMENSIONAL RELATIONSHIPS 


CoOMPRESSOR-PERFORMANCE PLOT 


Shown in Figs. 7, 8, and 9, are the characteristics curves of a 
typical centrifugal supercharger presenting quantity relations 
in the form shown in Equation [20]. These curves were de- 
veloped from actual test data on a typical centrifugal super- 
charger. i 

One particular reason for the clarity of curves in the form of 
Figs. 7, 8, and 9, is the spread of values of the flow coefficient 
produced through multiplication by Mach number as noted in 
Equations [19]. The units, constants, and definitions which have 
been used in this performance presentation are shown in the 
following: 


po = 29.92 in Hg, absolute pressure of standard atmosphere 

pi = absolute value, in. mercury, of total pressure at com- 
pressor inlet 

p2 = absolute value, in. mercury, of total pressure at compres- 


sor discharge 
T,) = 459.6 F absolute temperature of standard atmosphere at 
sea level 


T, = absolute temperature deg F of fluid at compressor inlet 
T, = absolute temperature deg F of fluid at compressor dis- 
charge 
cs 5 c a 
k = adiabatic exponent = — = 1.3947 for “normal air” (5) 
Cy 
k—1 
a hegre = 0.283 
Cp = specific heat at constant pressure, Btu per lb per deg F 


= 0.243 for ‘‘normal air” (5) 


b= 
Y= he ) k | ratio of temperature rise to absolute 
1 
temperature in adiabatic compression 
weight of fluid inspired, 1b per min 
shaft ho rer = ———— 
rsepower 33,000 
= impeller diameter, in. 
= impeller speed, rpm 
acceleration of gravity, 32.2 fpsps 
= 778 ft-lb per Btu, the mechanical equivalent of heat 
= impeller-tip velocity, fps 


From the constants and definitions given the following power 
terms may be reduced for general reference when air is the fluid: 
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A, 6 Cc JIT,YwW 
Adiabatic h = ~_—___ _ 0.005 ee 
iabatic horsepower 33,000 0.00573 Ti1YW.. [21] 
Actual temperature-rise horsepower = ee AUS 
33,000 
= 0.00573 (12 — Ti) W.....0.40- [22] 
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Impeller horsepower = 


oe [23] 
Pressure-energy coefficient 3.18 XK 10° Ti1Y — 608371 Y 
= Foden aims = 
N?D? y2 
A [24] 


The following power-efficiency equation may be reduced for 
evaluation of compressor power requirements from Fig. 9 


0.005737, YW 


00 |B 
aE [25] 


Adiabatic shaft horsepower efficiency, 7, = 


A CoMBINED PERFORMANCE PLOT 


A number of additional advantages may be obtained in the 
compressor performance plot if the characteristics shown in 
Figs. 7, 8, and 9, can be consolidated into one chart. This may be 
accomplished, as shown in Fig. 10, by plotting the adiabatic 
shaft-power efficiency and adiabatic-temperature efficiency as 
contours on the compression-ratio performance chart. Individ- 
ual contours for temperature and power efficiency may be 
shown, but these two functions have been found so similar in 
pattern and position that single contours with dual evaluation 
have been considered more practical. 

As an example of typical use of the performance chart in Fig. 
10, assume that inlet and discharge pressure, fluid-flow rate, 
fluid-inlet temperature, and impeller diameter are known; find 
the required speed, power, and the discharge temperature. From 
the compression ratio and flow coefficient a point may be located 
on the chart which by interpolation between compressibility 
parameters defines the required speed. From the adiabatic ef- 
ficiency contour 72 may be found by the equation 


Values of Y, Equation [10], may be most conveniently evaluated 
for any given compression ratio by the tables developed in refer- 
ence (5). From the adiabatic shaft-power-efficiency contours, 
drive horsepower may be found by the equation 


_ 0.005737. YW 
Ns 


ee 


Drive torque, in inch-pounds, may be found from the equation 


12 X 33,000 P,’ 3617. YW 
2rN a Nn; 


Torque = 


Characteristics curves on the combined performance chart are 
confined only within the following bounds: (a) To the surge 
stability limit on the left; (b) to the minimum compression 
ratio for unloaded conditions along the bottom; (c) to the maxi- 
mum speed along the top; and (d) to the maximum power or 
torque on the right in Fig. 10. 


CoNCLUSION 


The methods of performance presentation in terms of non- 
dimensional relationships discussed in this paper apply particu- 
larly to centrifugal compressors or superchargers, but it may be 
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Fie. 10 ComsBinep PERFoRMANCE Piotr DEVELOPED IN Paper FoR APPLICATION TO CENTRIFUGAL COMPRESSORS 


(Performance in combined form is shown for a typical centrifugal compressor. 
Fromfthis one chart the speed, power, and temperature relations may all be determined. 


The advantages of performance presentation in this form are obvious. 
Power- and temperature-efficiency contours are combined 


and noted by P and 7, respectively, but may be shown separately when so desired. Nomenclature is as follows: N = rpm; D = impeller diameter, 
in.; W = fluid flow, lb per min; p: = inlet pressure, in. Hg; po = discharge pressure, in. Hg; 71 = inlet temperature, deg F abs.) 


reasonable to assume that application to other types may in 
certain cases be desirable and permissible. This presentation is 
perhaps most useful in conjunction with the aeronautical sciences 
where operation and orientation of performance with respect to 
peak efficiencies yields the greatest returns. Use of the combined 
performance chart may prove particularly useful in correlat- 
ing performance of centrifugal superchargers with that of depend- 
ent or semidependent systems such as supercharger power drives, 
supercharged cabin pressures, engine-manifold pressures, and the 
like. 

Since conditions in test commonly differ from those in actual 
operation and the inlet conditions encountered are so often 
variable over a broad range, it is increasingly important for the 
compressor designer-manufacturer submitting his product for 
use in these specialized fields to present performance information 
in a form which makes possible a precise analysis of performance 
suitability and drive requirements. It is desirable that future 
work on blower standards and test codes should eventually be 
extended to include consideration of these conditions. 
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A Pneumatic Piston-Ring Gage for 
Radial-Pressure Measurement 


By P. G. EXLINE,! PITTSBURGH, PA. 


This paper describes an instrument for indicating the 
radial pressure distribution of piston rings. The piston 
ring is supported at eighteen equally spaced points by flat- 
faced pins located around the circumference of a circle of 
the same size as the engine cylinder. The force exerted 
on each pin by the ring is measured by a self-balancing 
pneumatic device which simultaneously indicates all the 
forces on a row of eighteen manometers. The rapidity 
with which the measurements can be made makes the 
instrument suitable for production inspection. 


HE principal functions of piston rings in internal-combus- 

tion engines are to prevent passage of combustion gases 

past the piston and to control the flow of lubricating oil 
from the crankcase to the combustion chamber. In the develop- 
ment of high-output engines, the piston ring is sometimes the 
limiting factor in increasing the power, since failure of the ring 
itself will cause failure of the entire engine. Much work is being 
done to improve the performance of piston rings, and one of the 
fundamental research problems is that of determining the opti- 
mum radial pressure which should exist between the piston ring 
and the cylinder wall. As part of this research, it is necessary to 
have an instrument for measuring this pressure for any given 
ring. This paper describes an instrument which was developed 
for this purpose. 

Very little work on ring wall-pressure instruments has been 
described in the literature, although several different types have 
been constructed for experimental work.? In general, the ring 
is supported in a cylinder of the same bore as the engine cylinder 
and a force applied at a point on the ring just sufficient to lift it 
from the surface. The ring is then rotated several degrees and 
the measurement repeated. A polar diagram of the observa- 
tions as a function of their angular location on the ring will then 
give a characteristic pattern of that ring, called the ring pattern. 
Such a method suffers from several disadvantages. It is quite 
slow, making the time to examine a production lot of rings pro- 
hibitive. It requires both force and displacement measurement, 
the displacement measurement being tedious because of the small 
magnitudes involved. 


OPERATION SPEEDED BY INSTRUMENT MEASURING AIR PRESSURE 


The device described in this paper combines the force and dis- 
placement measurement into a single measurement of air pres- 
sure. Air at constant pressure enters a cylindrical chamber 
through a fixed orifice. The end of the chamber is machined to 
a narrow edge and is closed by a flat disk which transmits the 
force, developed by the air pressure against its inner face, to a 
point on the piston ring under examination. The piston ring 
will then deform elastically, causing the disk to separate a dis- 
tance h from the end of the chamber. Equilibrium is established 
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Fie. 1 


Cross Section THROUGH PISTON-RING GAGE 


when the opening of the annular orifice is such that the air flow 
through it is equal to that through the fixed orifice. The pressure 
drop across the fixed orifice is then P, — P, where P, is the source 
pressure and P the back pressure. The drop across the annular 
orifice is P — P 4, where P 4 is the atmospheric pressure. 

The piston-ring gage is composed of a heavy ring with eight- 
een measuring units radially mounted in it at 20-deg intervals. 
A cross section through one of the units is shown in Fig. 1. The 
piston ring 1, is mounted in the gage ring 2, which is bored to an 
inside diameter equal to that of the engine cylinder in which the 
ring is used. The body of the measuring unit 3, is mounted in 
a radial hole in the gage ring. The open end of the chamber is 
closed by the valve 4, whose stem is guided in an axial hole 
drilled in the measuring-unit body. Constant-pressure air en- 
ters at 12, passes through the three-way cock 7, and the fixed 
orifice 5, before entering the chamber. Force is transmitted 
to the piston ring through a steel ball and pin 10. Pressure in 
the chamber is measured by a mercury manometer attached at 11. 
Radial location of the measuring unit is obtained by the differen- 
tial screw 6, and fixed by the clamping screw 13. 

The ends of all pins are ground flat and perpendicular to the 
axis of the pin. This permits examination of aircraft-engine 
rings which have the outer face formed into a single or double 
cone of small angle. Use of a spherical ended pin, in this case, 
would require extreme exactitude in the vertical positioning of 
the piston ring. 

A view of the instrument is given in Fig. 2. Air from the line 
is passed through an air regulator and cleaner and then into a 
manifold located under the table top. From this manifold, 
eighteen lines lead to the measuring units in the gage ring. The 
corresponding manometers for indicating the chamber pressures 
are mounted against a ruled board behind the gage ring. The 
pressure gage indicates the source pressure in the manifold. 

The measuring units are numbered 1 to 18 clockwise around 
the ring, beginning at the point nearest the operator. The 
manometers are numbered correspondingly, beginning at the left. 
The ring under examination at the time the view, Fig. 2, was 
taken was located with its gap midway between units 1 and 18. 
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Tue INSTRUMENT IN USE 


The first step in preparing: the instrument for use is to adjust 
the position of the measuring units so that ends of the pins 10 
are all equidistant from the center of the gage ring when all slack 
is taken up. There are two methods of doing this. A solid disk, 
accurately ground to the cylinder diameter, can be placed in the 
gage ring and all units adjusted to give the same reading on the 
manometers. Next, a piston ring having a mark scribed opposite 
the gap can be placed in the gage with the mark lined up with one 
of the measuring units. That unit is then adjusted to give an 
arbitrarily chosen pressure on the manometer. The ring is 
then rotated 20 deg, and the adjacent unit adjusted to give the 
same pressure. This process is repeated until all units have been 
adjusted. This first adjustment is made with air flowing through 
all units. It is necessary to repeat the entire procedure one, or 
preferably two times, as a change in the position of one unit will 
influence the ring force on the adjacent units. 

The choice of proper initial adjustment will depend on the 
area of the valve face exposed to the pressure, the area of the pri- 
mary orifice, and the magnitude of the source pressure. It is 
necessary that the ring be entirely supported during a measure- 
ment by the eighteen pins. If it touches the cylinder wall at one 
or more points, part of the radial force will be exerted against the 
gage ring and false readings will result. 

In order to measure the lift of the valve under different loads 
and with a range of source pressures, one of the measuring units 
was mounted with its axis in a vertical position so that a known 
force could be applied to the embedded ball, and the movement 
of the valve could be observed. The details of this arrangement 
are shown in Fig. 3. The measuring unit 1 was rigidly clamped 
to a fixed support. A beam 4, balanced on the ball 5 supported 
a weight pan suspended below the unit. A bridge 9, was rigidly 
attached to the valve head and passed over the beam. One leg 
of a three-legged optical lever rested on the center of this bridge. 
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The other two legs rested on two posts rigidly attached to the 
fixed support. The three legs were made by pressing three steel 
balls into a steel bar to form an isosceles triangle, the ball at the 
apex resting on the movable bridge. The two balls resting on the 
fixed posts were about 3 in. apart while the other was 0.2 in. from 
the line joining their centers. A plane mirror 11 reflected light 
from a scale 289 in. away to a telescope mounted vertically 
above. The magnification was such that a lift of 13.6 x 107° 
in. of the valve was equivalent to 1 mm change in scale reading. 
That part of the weight of the optical lever which rested on the 
bridge was considered as part of the total load. Air was applied 
through the tube 7, of the same length as used in the instrument, 
and an effort was made to duplicate all other conditions. 

Results of some of the measurements are shown in Figs. 4, 5, 
and 6. All the data in Fig. 4 were obtained with a source pres- 
sure of 15 psi, with six fixed orifices ranging from 0.0135 in. diam 
to 0.0860 in., and with loads of 1.24, 2.74, 3.74, 4.74, 5.74, and 
6.74 lb. In Figs. 5 and 6, the source pressures were 20 and 55 psi, 
respectively, the same orifices and loads being used. 

The inside diameter of the counterbore in the end of the meas- 
uring unit was 0.796 in. to give an area of 0.500 sq in. The valve 
seat was of finite width averaging 0.016 in., so that pressure over 
the area of the seat would also help support the weight. The 
total area including that of the seat was 0.538 sqin. It would be 
expected then that the pressure necessary to support a weight w 
would lie between w/0.500 and w/0.538. In general, the data 
indicated that the effective area was but slightly greater than 
0.500 sq in. 

With the larger orifices and at the higher source pressures, there 
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EXLINE—PNEUMATIC PISTON-RING GAGE FOR RADIAL-PRESSURE MEASUREMENT 


appears to be a tendency for the effec- 
tive area to become less than 0.500 
sq in. The cause of this cannot be 
stated with much assurance, but it is 
thought that the air flow in the cham- 
ber is such that the manometer no 
longer indicates the true average pres- 
sure below the valve head. 
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It is quite evident that with the 


0.0135-in. orifice some of the back pres- 
sures indicated are substantially less 
than those necessary to support the 
loads, Figs. 4 and 5. Since the dis- 


crepancies occurred with valve lifts 
between 25 and 75 microinches, it is be- 
lieved that the valve was not entirely 


BACK PRESSURE - PS.|I. 


FIG. 4 


separated from the seat and that part 
15 PS.1. SOURCE 


VALVE LIFT MEASUREMENTS WITH 
PRESSURE 


of the load was carried by the seat. 
The valve had been lapped to the seat 


with fine abrasive, but annular ridges 


0135 


ORIFICE 
| 


of that order of magnitude had been 
left on both parts. It is also possible 
that a slight warping of the valve head 
or a cocking of the entire valve could 
place part of the load on the seat at 
low lifts. If the valve were cocked by 
an amount of 0.002 in. per ft, one edge of the valve could rest on 
the seat with the center lifted 75 microinches. 

The instruments which were placed in use prior to the date of 
preparation of this paper were provided with 0.0625-in. orifices 
and have been used with source pressures from 15 to 25 psi. 
These conditions were chosen somewhat arbitrarily, and the valve- 
lift measurements were made with different orifices to determine 
if other orifices and source pressures would be likely to provide 
better operation. 


° 
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REsuULTs or TESTS 


Referring to Fig. 4, it can be seen that the back pressure, with 
the 0.0625-in. orifice, was proportional to the load with little er- 
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ror. The valve lift varied from 780 microinches at 13.2 psi to 3400 
microinches at 2.5 psiback pressure. This curve can be used to find 
the values of valve lift for each unit in a piston-ring gage from 
the observed manometer readings. However, such values will 
not indicate the actual radial movement of the piston ring unless 
the valve is closed when the end of the force-transmitting pin, 10 
in Fig. 1, is tangential to the surface of the gage ring. In gen- 
eral, the initial setting of the measuring unit leaves a small clear- 
ance between the valve and seat which can be determined only 
by placing a solid cylindrica] plug in the gage ring with no clear- 
ance and applying the air. 

During the measurement shown in Fig. 2, the back pressure was 
approximately 5 psi at points 7, 8, and 18. Since this was made 
with a source pressure of 20 psi, Fig. 5 
must be used to determine that the 
valve lifts were 2800 microinches. At 


point 16, the back pressure was 2.6 psi 


corresponding to a valve lift of 3800 
microinches. Point 16on the piston ring 


was then forced in toward the center 
1000 microinches farther than points 7, 


8, or 18. The reason for the greater de- 
flection at point 16 was that the elastic 
stiffness of the segment of piston ring 


ao 


resisting this pin was less than that of 


x 


the segment at point 8, for example. 
The indications are thus a function of 


a 


x aa ie | 


the stiffness of the various ring seg- 
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ments and give the characteristic ring 
pattern. 
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Had it been possible to measure the 


ow 


. 


force at point 16 with no greater def- 
ormation than occurred at point 18, 


0625" . the indication would have been less 


than that actually observed since the 
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elastic force continued to increase dur- 
ing the additional 1000-microinches de- 
flection. It is obvious that all observa- 
tions are in error by the amount of the 
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VALVE LIFT MEASUREMENTS WITH 
55 PS.|. SOURCE PRESSURE 
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deflection at each point multiplied by the ring stiffness at the 
corresponding point. 

The valve-lift measurements show that the rate of change of 
force with deflection is a function of the source pressure and the 
primary orifice size. With a 15-psi source pressure and the 
0.0200-in. orifice, a deflection range of 350 microinches will indicate 
a load range from 1 lb to 5 lb. If the source pressure and orifice 
were to be increased to 55 psi and 0.086 in., respectively, the same 
load range would require a deflection range of 8400 microinches. 
The average sensitivity in the first case would be 24 times that in 
the second case. 

Two factors mitigate against the use of conditions which would 
give the maximum possible sensitivity. As explained previously, 
it is necessary to deflect the ring enough to lift it entirely clear 
of the gage-ring wall or the readings will be markedly in error. 
Then too the sensitivity must not be so great as to destroy the 
ability of the instrument to repeat readings with reasonable 
accuracy. 

When a ring is lifted entirely clear of the wall, a force applied 
at any point on the inner surface of the ring will cause an increase 
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quantitative test of this condition is to balance the components 
of the indicated forces perpendicular to a diameter drawn across 
the ring. If the ring is not resting against the wall, the sum of 
these components on one side of the diameter should equal the 
sum of the components on the opposite side. This balance 
should hold whether the diameter is taken through the ring gap or 
through any other point on the ring. In Table 1 is shown a 
series of measurements made on a ring placed with its gap midway 
between points 1 and 18. The first column gives the observed 
radial forces at the 18 points. Column 2 shows the components 
of these forces perpendicular to a diameter drawn through the 
ring gap. The remaining columns show the components per- 
pendicular to diameters originating at multiples of 20 deg from 
the gap up to 160 deg. At the bottom of each column are shown 
the sums of the components on each side of the corresponding 
diameter and the difference between these sums expressed as a 
percentage of their mean. 


AccURACY OF INSTRUMENT 


As a test of the reproducibility or accuracy of the instrument, 


in the indications of the adjacent measuring units. A more a series of measurements was made on a single ring with the gap 
TABLE 1 FORCE BALANCE? 
Measuring Radial — ——— Point of origin of diameter from ring gap — 
unit force, lb 0° 20° 40° 60° 80° 100° 120° 140° 160° 
1 2.60 0.452 —0.452 —1.300 —1.991 —2.441 —2.600 —2.441 —1.991 —1.300 
2 1.85 0.925 0.322 —0.322 —0.925 —1.416 —1.737 —1.850 —1.737 —1.416 
3 2.40 1.838 1.200 0.417 —0.417 —1.200 —1.838 —2.253 —2.400 —2.253 
4 1.65 1.551 1.265 0.825 0.287 —0 . 287 —0.825 —1.265 —1.551 —1.650 
5 1.35 1.350 1.269 1.035 0.675 0.235 —0.235 —0.675 —1.035 —1.269 
6 1.05 0.987 1.050 0.987 0.805 0.525 0.182 —0.182 —0.525 —0.805 
7 1.10 0. 842 1.034 1.100 1.034 0.842 0.550 0.191 —0.191 —0.550 
8 1.55 0.775 1.188 1.456 1.550 1.456 1.188 0.775 0.269 —0.269 
9 3.10 0.538 1.550 2.374 2.910 3.100 2.910 2.374 1.550 0.539 
10 3.45 —0.600 0.600 1.725 2.641 3.240 3.450 3.240 2.641 1.725 
sual 2.35 —) 175 —0.408 0.408 1.175 1.800 2.210 2.350 2.210 1.800 
12 1.75 —1.340 —0.875 —0.304 0.304 0,875 1.340 1.644 1.750 1.644 
13 1.50 —1.410 —1.149 —0.750 —0.260 0.260 0.750 1.149 1.410 1.500 
14 1.35 —1.350 —1.268 —1.035 —0.675 —0,. 2385 0.235 0.675 1.035 1,268 
15 1.15 —1.080 =——1,150 —1.080 —0.881 —0.575 —0.198 0.198 0.575 0.881 
16 1.05 —0.805 —0. 987 —1.050 —0.987 —0.805 —0.525 —0.182 0.182 0.525 
lee 1.55 —0.775 —1.187 —1.456 —1.550 —1.456 —1.187 —0.775 —0.269 0.269 
18 3.60 —0.626 —1.800 —2.756 —3.380 —3.600 —3.380 —2.756 —1.800 —0.626 
Ts 9.258 9.478 10.327 11.381 12.333 12.815 12.596 11.622 10.151 
' — 9.161 9.276 10.053 11.066 12.015 12.525 12.379 11.499 10.138 
er cent 
deviation 1.05 Dele 2.69 2.81 2.61 2.29 1.74 1.06 0.13, 


@ Ring No. 13, Pratt & Whitney Aircraft 28356-A; 


5.75 in, diam, Ring gage No. 6, '/16 in. orifices; 


22 psi source pressure. 


TABLE 2 


REPRODUCIBILITY TEST?4 


Manometer — = es = ——Ring position— cc — ——— — — — - 
no. uy Pad 3’ 4’ 5’ 6/ ie! 8’ 9/ 10’ ati Re 12’ 13’ 14’ 15/ 16’ ale 18’ 
1 4.2 3.8 4.8 3.6 2.7 2.3 2.1 3.2 6.2 6.7 4.6 3.3 2.8 2.6 2.3 2.3 200 4.8 
2 4.8 3.7 5.4 3.8 2.9 2.4 2.4 3.3 6.5 6.9 4.7 3.6 3.1 2.8 2.4 2.5 3.0 4.8 
3 4.3 3.6 §.1 3.6 2.8 2.3 2.2 3.3 6.2 6.9 4.8 3.4 3.1 2.9 2.4 2.4 2.8 4.9 
4 3.8 3.0 4.5 3.5 2.4 2.0 2.0 2.8 5.6 6.7 4.3 Rion 2.6 2.5 2.2 230 2.5 4.1 
5 4.3 3.4 4.6 Sinks 2.9 2.0 aul 3.1 5.8 6.8 4.7 3.4 3.0 2.7 2.4 2.3 2.6 4.7 
6 4.2 3.4 4.9 ORE. 2.8 2.2 2.0 Say? (a 6.9 5.0 3.4 2.9 2.8 2.3 2.4 2.8 4.4 
7 4.3 3.3 4.7 3.7 2.8 2.2 2.2 3.1 5.9 6.8 4.7 3.6 3.0 2.8 2.4 2.3 2.9 4.4 
8 4.4 3.3 4.6 3.9 2.9 2.1 2.1 3.1 6.3 6.7 4.9 3.4 3.1 2.0 23 2.3 2.7 4.9 
9 4.3 3.5 4.7 3.6 2.9 2.3 252 3.2 5.9 6.5 4.7 3.6 3.0 2.9 2.3 2.4 2.9 4.6 
10 4.1 3.3 4: 3.7 2.7 2.3 2.2 3.2 5.9 6.9 4.4 3.4 3.1 2.7 2.4 2.3 2.9 4.8 
11 4.0 3.1 4.5 3.6 2.6 1.9 2.0 2.9 6.1 6.7 4.8 3.1 2.8 2.6 2.1 2.1 2.6 4.6 
12 4.2 3.4 4.4 3.6 2.9 2.2 2.0 3.0 Gad: 6.8 4.6 3.5 2.9 2.7 2.3 2.2 2.9 4.5 
13 4.2 3.3 4.6 3.4 2.7 2.2 2.0 3.0 5.6 6.9 4.6 3.3 3.0 2.7 2.3 2.2 2.6 4.8 
14 4.4 3.3 4.7 3.6 2.6 201 2nd 3.0 6.2 6.9 4.9 3.3 2.8 2.8 2.3 2.3 2 4.5 
15 4.5 3.6 4.7 3.7 3.0 2.2 2.3 3.2 6.0 6.9 5.0 3.6 3.0 2.8 2.5 25: 2.9 4.6 
16 4.2 3.2 4.9 3.6 2.8 2.2 2.0 3.1 5.9 6.8 4.4 3.4 2.8 2.6 2.2 2.3 2.7 5.0 
17 4.5 3.5 Aad. 4.0 2.9 2.3 2.3 3.2 6.4 7.0 4.8 3.2 3.0 2.8 2.4 2.4 3.0 4.9 
18 4.4 Sf 4.7 3.8 Sod 2.5 2.5 3.5 5.9 6.6 4.8 3.5 3.0 2.9 2.6 2.6 3.0 4.7 
Total 76.9 61.4 85.5 66.1 50.4 39.7 38.7 56.4 109.0 122.4 84.7 61.1 53.0 49.3 42.1 41.8 50.2 84.0 
Average 4.3 3.4 4.7 3.6 2.8 2.2 Pa | 3.1 .0 (Bs7s 4.7 3.4 2.9 yA RG 2.3 2.3 2.8 4.6 
@ Ring No. 13, Pratt & Whitney Aircraft 28356-A; 5.75 in. diam. Ring gage No. 6, 1/16 in. orifices; 22 psi source pressure. 
Manometer readings in lb per sq in. 
TABLE 3 REPRODUCIBILITY TEST; DEVIATIONS FROM MEANS4 
Manome- = —-~ : : Ring position 
ter no. Wy Pa 3’ 4’ 5! 6/ Te 8’ 9’ 10’ 11’ 12’ 13’ 14’ 15’ 16’ ee? 18’ 
1 —0.1 0.4 0.1 0.0 —O.1 O.1 0.0 0.1 0.2 0.0 0.1 Oral O.1 0.1 0.0 0.0 —0.1 0.2 
2 (OR 0.3 0.7 0.2 0.1 0.2 0.3 0.2 0.5 0.2 0.0 0.2 0.2 O.1 0.1 0.2 0.2 One 
3 0.0 0.2 0.4 0.0 0.0 O.1 O.1 0.2 0.2 OFZ 0.1 0.0 0).2 0.2 0.1 O.1 0.0 0.3 
4 0.5 0.4 0.2 Omar 0.4 0.2 Oe: 0.3 0.4 0.0 0.4 0.3 0.3 0.2 Oot 0.3 0.3 0.5 
5 0.0 0.0: —0.1 0.1 0.1 —0.2 0.0 0.0 —0.2 0.1 0.0 0.0 0.1 0.0 0.1 0.0 —0.2 0.1 
6 0.1 0.0 0.2 0.1 0.0 0.0 —0.1 O.1 0).2 0.2 0.3 0.0 0.0 0.1 0.0 Out 0.0), —0;, 2 
7 OF OS Onk 0.0 0.1 0.0 0.0 0.1 0.0 —O0.1 0.1 0.0 0.2 Oleh 0.1 O-1 0.0 Ovl .—02 
8 0.1 —0.1° —O.1 0.38 Os OF 0.0 0.0 0.3 0.0 0.2 0.0 0,2 0.0 0.0 0.0 —0.1 0.3 
9 0.0 Osh 0.0 0.0 0.1 O.1 0.1 0.1 —0.1. —0.2 0.0 0.2 0.1 0.2 0.0 OF 0.1 0.0 
10 —0.2 —0.1 0.0 Orr Or (Dea! Ort 0.1 —0.1 0.2 —0.3 0.0 O22 Ost ORE 0.0 ‘OR 0.2 
11 —0.3 —0.3 —0.2 0.0 0.2 0.3 On 0.2 0.1 0.0 Ons 0.3 0.1 On 0.2 0.2 0.2 0.0 
12 —0.1 0.0 —0.3 0.0 si! 0200 -——O0 1 =—0" 0.1 0.1- —0.1 0.1 0.0 0.0 0.0 —O0.1 0.1 —0.1 
13 —0.1 OE 0.1 -0.2 O.1 0.0 —0.1 —0.1 —0.4 0.2 —0O.1 —0.1 OE 0.0 0.0 —0.1 —0.2 0.2 
14 Ons Oa 0.0 030: -—022 _—0e1 0.0 —0.1 0.2 052 0.2 —0O.1 —0.1 O.1 0.0 0.0 —0.1 —0.1 
15 OZ OF2 0.0 0.1 0.2 0.0 O52 0.1 0.0 0.2 0.3 0.2 0.1 Onn 0.2 0.2 (yeah 0.0 
16 =——O nl! 052 0.2 0.0 0.0 0.0 —O0.1 0.0 —0.1 0.1 —0.3 0.0 —0.1 —0O.1 —0.1 0.0 —0O.1 0.4 
17 0.3 0.1 0.0 0.4 0.1 Ot 0.2 0.1 0.4 0.3 Om =—0-2 OSE 0.1 0.1 0.1 ORZ 0.3 
18 O.1 0.3 0.0 0.2 0.3 0.3 0.4 0.4 —0.1 —0.1 O.1 0.1 0.1 0.2 0.3 0.3 0.2 0.1 


@ Root-mean-square value of all deviations, 4.96 per cent. 


successively located between each two adjacent measuring 
points. In this manner, each unit is used to measure the force 
at each of 18 points on the ring. The observations are tabulated 
as shown in Table 2. The numbers in the first column indicate 
the measuring units and the primed numbers at the column heads 
indicate points on the ring. Each value in a column then indi- 
cates a separate measurement of the force on the same point on 
the ring. If the assumption be made that the mean of these ob- 
servations indicates the true value of the force at this point, de- 
viations from this value can be secured by subtraction as shown 
in Table 3. The root-mean-square value of all the deviations, ex- 
pressed as a percentage of the average force, is used as a measure 
of the reproducibility of the instrument. In the case of the ring 
shown this was 4.96 per cent. 

Errors in the operation of the instrument can be caused by im- 
proper initial adjustment, variation in the size of the primary 
orifices, variations in the variable orifices, friction in the valve 
guides and gage pins, the presence of dirt on the ring or gage-ring 
wall and variations in the source pressure. By exercising reason- 
able care in initial adjustment and supplying clean air the instru- 
ment will operate with satisfactory accuracy for the selection of 
rings of a given ring pattern and for production inspection when 
a given pattern is to be met in manufacture. 

One use of the instrument is demonstrated in Fig. 7. This 
shows the ring pattern of a Caterpillar Diesel ring before and 
after a run of 486 hr duration in a single-cylinder engine. The 
engine bore was 5°/, in. and the ring was located in the top groove 
of the piston. This figure shows a high initial tip pressure which 
was substantially reduced during the test. 

The instrument is not limited to a single-size ring as a spacer 
ring can be placed inside the gage ring to accommodate smaller- 
diameter piston rings. In the one constructed in this manner, 
the bore of the gage ring was 5/,in. The spacer ring was made 
to fit this with a metal-to-metal fit, while the bore was ground 
to 51/2 in. diam. Radial holes were drilled to match those in the 
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gage ring. Two sets of pins differing in length by 1/s in. were 
provided since the travel of the measuring units could not ac- 
commodate the radial adjustment necessary when changing 
from one size of ring to the other. 
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Discussion 


Micuart Benun.’ This paper describes a noteworthy con- 
tribution to the increasingly important problem of production 
measurement of piston-ring radial pressure. For quite some 
time those working with piston rings have been of the opinion 
that a better method than the measurement of diametral tension 
was needed to determine the true radial pressure of piston rings. 
It is felt, however, that further refinements of the instrument 
and procedure for its application are necessary before it is suita- 
ble for use in research on piston rings. 

The author has described two methods of preparing the in- 
strument for use, and in that connection the writer would like to 
mention certain facts. Because the initial setting of the force 
pins is of such great consequence to the final accuracy of the force 
measurements, it is important that this initial setting be very 
carefully considered. The first method of preparation de- 
scribed will result in locating the force pin at the nominal radius 
when the forces acting on the pin during measurement of piston- 
ring forces are equal to the forces acting on it during the initial 
positioning of the force pin. At forces of different magnitudes, 


3 Mechanical Engineer, Aircraft Engine Research Laboratory, 
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the force pin will not be at the nominal radius because the indi- 
cated force, as measured by the back pressure, is a function of the 
gap created between the disk and thé cylindrical chamber. 

The second method of preparation described will locate the 
force pin equidistant from the center of the gage, but the pin will 
not be located at the nominal radius during measurement of 
piston-ring forces, because this second method of positioning 
the force pin initially requires that the piston ring be deflected 
away from the ring gage whose internal diameter is the nominal 
diameter. 

The author states that all observations are in error by the 
amount of the deflection at each point multiplied by the ring 
stiffness at the corresponding point. This statement is true 
only if the force pin was initially set at the nominal radius. If 
the second method of preparing the instrument for use is used, 
then all observations are in error by the amount of deflection at 
each point from the nominal radius multiplied by the ring stiff- 
ness at the corresponding point. If the force pin is not initially 
set at the nominal radius, this differentiation of deflection must 
be made because all observations are in error by an amount 
greater than indicated by the author’s statement or the calibra- 
tion curves. 

In regard to the apparent change in the effective area of the 
disk acted on by the air pressure when larger orifices and higher- 
source pressures are used, the writer would like to mention the 
following: 

If h is the back pressure, G the area of the fixed orifice, S the 
area (annular) of the variable orifice, 5, and 4: the coefficients of 
contraction for the orifices, o the air density assumed constant, 


then 
o GV 2g(H — h)d, = oS V/ 2ghée 


and simplifying 


& S 
5 G? 


Hence, for a change in orifice size, the effective area in all proba- 


6. 
bility does not change but the ratio of se likely does. 
1 


For the movements of the disk involved during measurement 
of radial force, it should be noted that the flow of air through an 
annular orifice at the end of the duct varies almost linearly with 
the displacement of the disk. This linear relationship, however, 
holds true only for displacements of the disk greater than some 
ten thousandths of an inch and less than some thousandths of an 
inch. Fig. 8 of this discussion is a typical curve for an instru- 
ment which operates on the same principle showing the displace- 
ment of the disk under different loads. For smaller displacements 
and for relatively large displacements, the relationship is not 
linear because of the preponderant presence of an air layer in — 
which the speed varies independently of gap created between the 
disk and the cylindrical chamber. 

Table 1, column 1, of the paper gives the radial forces of 18 
points of a 5.75-in-diam Pratt & Whitney aircraft piston ring, 
and Table 2 also gives radial forces of 18 points of the same ring. 
Fig. 9 of this discussion is a plot of the radial forces given in these 
tables and shows that the force patterns are similar but that the 
individual forces are of different magnitudes. It is believed that 
this difference is due to the fact previously mentioned, namely, 
that in the initial positioning of the force pins the pins were not 
set at the nominal radius. If the initial positions of the force 


4“T’amplification pneumatique,”’ by L. Wattebot, Méchanique, 
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pins had been reset during the time interval between the two 
sets of measurements of the radial forces of the piston ring and, 
in either or both instances, if the force pins were not set at the 
nominal radius, the deflection from the nominal radius of a point 
on the piston ring during one measurement would be different 
from the deflection of the same point during the second measure- 
ment. It is believed that if all of the indicated forces and the 
corresponding valve lifts were corrected back to the nominal 
radius, the true radial forces would be obtained and as a re- 
sult the two curves in Fig. 9 (on the following page) would be 
superimposed on each other. Is the author in possession of 
any data to verify the foregoing discussion, or does he have 
some other explanation for the large difference between the 
average forces of the same piston ring? 


J.B. Minnicu.® Itis felt that this type of pressure-pattern gage 
can do much to improve the performance of piston rings. This 
gage has possibilities for use as a production inspection instru- 
ment as well as for experimental development. Much has been 
accomplished to speed the operation of obtaining an approximate 
pressure pattern but a further improvement could be made to 
enhance the accuracy. As disclosed in the paper, the weaker sec- 
tions of a ring are deflected most. It is obvious, therefore, that 
a ring is not a true circle while being checked. Probably this 
distortion does not greatly affect pressure-pattern investigation 
from a comparative viewpoint. The fact that cylinders are often 
more out of round than the ring while being checked may minimize 
the error. From an academic standpoint, however, it would seem 
preferable to check rings while supported as a true circle. 

The gage is also incapable of checking points of zero pressure 
or points which are not light-tight. A section which is not light- 
tight by 0.0005 in. is not satisfactory for engine operation, but 
from the author’s curves of deflection versus back pressure it can 
be seen that a definite pressure is obtained by the Pigott gage 
on rings that are not light-tight. If the gage were capable of 
indicating the sections of zero or very light pressure its value 
would be increased. As a production inspection instrument it 
could then replace the present inspections for tension, circularity, 
and light-tightness. 

As disclosed by the author, some of the mechanical imperfec- 
tions also affect the results. This has been discovered by using a 
solid-plate gage for the initial adjustment. Using the solid plate 
and adjusting all the manometers to the same level, duplicate 
readings cannot be obtained on a ring when it is rotated. Using 
a source pressure of 16 lb and adjusting all the manometers to 
about 12 in., a maximum variation of 1.3 lb between two man- 
ometers was required before satisfactory duplication was 
achieved. The instrument will not remain in good adjustment 
over a long interval of time when used intermittently. But by 
using the solid plate as a reference, it is not difficult to reset the 
apparatus. 3 

One of the most prominent causes of errors was variations caused 
by friction. When one ring was inserted into the gage many 
times, as nearly as possible to the same position each time, a 
maximum variation of 2 lb for one manometer has been observed. 
The amount of oil on the surface of the ring, the slight variation 
in surface finish, and the manner in which different personnel 
would insert the ring would cause variations. By turning on 
the units in different sequence, it was found that the variations 
could be effected. -The best order of turning on the units was to 
start opposite the ring gap with the following order: 9-10, 8-11, 
7-12, etc. By this means the variations could be greatly re- 
duced and readings duplicated. 

To eliminate the chance of disturbing the adjustment of the 
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+ Hg abs. 


in 


Rack pressure, 


Valve lift, in. 
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individual units and also to eliminate the slow task of turning on 
the individual valves manually, a piston-type valve was made 
which would serve as a manifold and turn on the units in the proper 
order. By incorporating this valve in the gage, we believe that 
the accuracy and usefulness of the gage have been greatly im- 
proved. 


C. B. Moore.* It appears that fundamentally the device de- 
scribed in the paper can give an accurate reading only when the 
piston ring itself has true circularity when compressed to the 
cylinder diameter. In general, any deviation from circularity 
of the ring will be indicated at less than its full extent, due to the 
slight motion required of the contacting pins. It is entirely con- 
ceivable that at certain points a ring may have zero pressure 
against the cylinder wall in actual practice, and yet register a 
definite pressure with this gage at these points. Experience and 
familiarity with the use of the gage will no doubt greatly alleviate 
the seriousness of this shortcoming. 

Initially adjusting the zero of the gage by setting to a perfect 
standard is excellent. No provisions, however, are made for de- 
termining the deviation of the diameter of the ring from this 
standard when pressure measurements are made. It appears 
accordingly that the ring would not necessarily be measured at the 
diameter at which it is used when in a cylinder. 

Failure of the gage to repeat will therefore be only a part of the 
error in readings compared to actual operating conditions. It is 
believed that this failure to repeat can be traced entirely to fric- 
tion of the valve stem. Further it would seem that the manufac- 
ture of the valves would require extreme precision, since the 
valve movement should theoretically be zero in order to accom- 
plish the intended purpose of the measurement. 


6 Moore Products Company, Philadelphia, Pa. 
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It is with considerable hesitancy that this discussion has been 
written, inasmuch as the only constructive suggestion which can 
be offered is the use of metallic bellows with a leaf spring or other 
nonfriction member as a guide in order to improve the perform- 
ance. This suggestion, however, in the writer’s opinion has 
slight constructive merit, as it does not materially aid in achiev- 
ing the original stated purpose of the device. 


AUTHOR’s CLOSURE 


The author appreciates the discussion submitted on this paper 
and the opportunity to present additional experimental evidence 
which will clarify the points brought out by the discussers. 

It is not clear what Mr. Behun had in mind as research on 
piston rings, but it is the author’s belief that any instrument for 
securing reliable data is suitable for research. The criterion 
should be ‘‘Will the engine respond to differences which the in- 
strument cannot detect?” It is unlikely that the demonstration 
can ever be made that variations of as much as five per cent in 
the ring pattern will influence the performance of the ring in the 
engine. 

Mr. Behun also has an incorrect conception of the character- 
istics of the thrust unit and of its adjustment. The unit is always 
adjusted with a sensible valve opening when the end of the force 
pin is in contact with the true circle. Excepting friction, the 
force on this pin will always be indicated by the manometer pres- 
sure. Since a correct measurement cannot be made until the 
piston ring has everywhere been lifted from contact with the gage 
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ring, the forces produced by the ring in its altered shape are cor- 
rectly indicated by the manometers. The amount of deflection 
at each point will be influenced both by the initial valve opening 
when the end of the force pin is in contact with the true circle and 
by the magnitude of the source pressure. It remains true then 
that each observation is in error by the amount of deflection 
multiplied by the ring stiffness at that point. 

The uncertainty of the magnitude of this deflection error and 
of the source and amount of the friction error has given rise to 
serious criticism by these discussers as well as by others who have 
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{(1) Reed which supports piston ring; (2) valve head; (3) guide pin; 
(4) valve stem.] 
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examined the instrument. The friction error has largely been 
eliminated by a modification of the valve as shown in Fig. 10. 
The force pin was replaced by a flexible reed firmly clamped in 
the slotted end of the valve stem by means of matching tapers in 
the valve head and on the stem. Any possible air leaks were 
sealed with De Khotinsky cement. The reed has ample clear- 
ance in the hole formerly occupied by the force pin and its end is 
carefully ground flat in a plane perpendicular to the axis of the 
valve stem. There is no slippage of the end against the piston 
ring as its shape is altered and the bending of the reed does not 
produce tangential forces greater than 0.12 lb. 

Tests of the new valve have shown that the root mean square 
deviation has been substantially reduced with a great reduction 
in the number of abnormally large deviations. The force balance 


has also been greatly improved showing that friction no longer 
plays an important part in the operation of the instrument. 

The determination of the magnitude of the deflection error re- 
quired a more elaborate experimental program. Each of the 
eighteen thrust units were carefully calibrated to secure curves 
of valve lift vs. back pressure for different values of source pres- 
This was done with a setup similar to that shown in Fig. 3 
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mitted the determination of the valve opening of each unit for 
each source pressure and by deducting the initial valve opening, 
the actual ring deflection was determined. 

The valve lift of each thrust unit was then plotted against 
back pressure as shown in Fig. 12 which gives the curves for units 
14 and 18 only. These curves are characteristic of all and show 
several anomalies which are believed to have little significance. 
First, the valve opening at low source pressure appears to be less 
than the initial opening and, second, the apparent rate of de- 
flection of the ring changes abruptly about 0.0002 in. off the wall. 
Above this range the deflection curve becomes linear with a slope 
which varies from 0.010 to 0.0008 in. per lb. In general the slope 
of the straight portion of the curve is least for the points nearest 
the gap and the average slope of the remaining curves is approxi- 
mately 0.002 in. per lb. 

The assumption is made, at this point, that extrapolation of the 
straight portion of these curves back to the initial valve opening 
will show the back pressure which would have been obtained had 
the measurements been made with the ring constrained on the 
true circle. Fig. 13 shows the pressure patterns of a ring meas- 
ured with source pressures of 16 and 18 psi, respectively, and the 
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with the weight pan replaced by a horizontal pivoted bar resting 
on the end of the reed. The bar was counterbalanced so that 
when a movable weight was located at a zero mark, no load was 
applied to the reed. The force on the reed could be increased 
to a maximum of 13 lb although in this calibration a maximum of 
7 lb was not exceeded. 

The calibration curves obtained were similar to those shown in 
Figs. 4, 5, and 6, the source pressure being the changing parameter 
rather than the orifice size, since all units had the 0.062-in. diame- 
ter orifice. It was found that the valve-lift curves of all eighteen 
thrust units were quite closely grouped and in order to simplify 
the work, a single set of calibration curves was drawn represent- 
ing their average lift characteristics as shown in Fig. 11. 

The second step was to assemble the ring gage so that the 
initial valve opening of each thrust unit was the same. In the 
case of the example given below, this initial opening was 0.00099 
in. A piston ring was then placed in the gage with the gap be- 
tween units 1 and 18, and a set of observations made at different 
source pressures. Reference to the calibration curve then per- 
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pattern determined by extrapolating each point back to the true 
circle. This shows that the deflection error may amount to 0.8 
psi or, in terms of force on the ring, 0.4 1b. However, it is pos- 
sible to secure the true circle pattern in this manner in those cases 
where it is desirable. For production inspection or selection of 
rings of like pattern, it would be of no value to make the correc- 
tion. 

The lower two curves of Fig. 18 show the actual deflection of 
the ring from the true circle. The maximum deflection at the 
weakest point of the ring was 0.0016 in. Inspection of these 
curves immediately suggests that by making the gage ring 0.002 
in. in diameter oversize and by properly locating the thrust units, 
the ring would lie very closely on the true circle during measure- 
ment and any corrections would be quite small, 

Mr. Behun’s Fig. 9 is the result of an omission in the preprint. 
Table 1 gives the radial forces of ring. No. 18 while Table 2 gives 
the manometer readings made during a set of observations on 
the same ring. Since the deviations in a reproducibility test are 
reduced to a percentage, it has not been customary to convert 
the pressure readings to force by dividing by 2. This was not 
properly indicated in the original reproduction of Table 2. 
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The author was pleased to receive Mr. Minnich’s comments 
based on his experience with one of these instruments. The 
suggestion that the gage be modified to permit inspection for 
light-tightness is entirely feasible and had not previously been 
considered seriously since it was felt that those interested in the 
instrument would be equipped with the simple gages for making 
this inspection. Actually, by following the procedure just out- 
lined for determining the deflection error, it is possible to deter- 
mine exactly how far a point on the ring lies away from the wall 
at zero pressure. The procedure would hardly be justified for 
production inspection, however. 

Mr. Moore’s suggestion for eliminating friction would un- 
doubtedly serve the purpose but it is believed that it would de- 
tract from the simplicity of construction that is so desirable in an 
instrument of this nature. 

There is evidence that the small variations now being observed 
are due to irregularities of the ring surface and that even a fric- 
tionless and deflectionless instrument would not show greatly 
improved performance. 

The author wishes to acknowledge the careful work done by 
R. S. Wood in determining the deflection errors described. 


Application of Controlled Atmospheres 


to the Processing of Metals 


By C. E. PECK,! EAST PITTSBURGH, PA. 


_ The development and application of separately controlled 
‘atmospheres for use in conjunction with heat-treating 
processes has been rapid during recent years. By means of 
controlled atmospheres, finished machine parts which re- 
quire heat-treatment can be processed without loss of sur- 
face hardness during heating, and without further grind- 
ing or cleaning. Many other applications in the treatment 
‘of metals, such as welding, forging, melting, sintering, 
and the like, are possible although at present somewhat 
limited. This paper outlines the principal types of atmos- 
pheres and describes briefly the equipment available for 
producing these atmospheres. A summary is given of the 
application of these atmospheres to a wide variety of heat- 
treating processes now in active commercial use. 


\ N this paper the term ‘‘controlled atmospheres” is defined as 
that produced separately from specific equipment especially 
designed to make a gas or mixture of gases of a given com- 

position. The development and application of separately con- 
trolled atmospheres has grown rapidly for several years, and the 
uses of these atmospheres are now an important component in a 
great majority of heat-treating processes where quality control 
and uniformity of the product are required. It is now possible to 
contro] accurately or to prevent entirely the oxidation of practi- 
cally all of the ferrous and nonferrous metals and their alloy 
combinations, when these metals are heated to elevated tempera- 
tures. On carbon steels and alloy steels it is also possible to con- 
trol accurately or to prevent the loss of carbon (decarburization) 
or gain of carbon (carburization) as well as to control accurately 
the amount of carbon added to the surface of steel (gas carburiz- 
ing). Because of these developments, large tonnages of metals 
can be heated without oxidation, and expensive pickling and 
cleaning costs are eliminated. 

In mass production finished machine parts which require heat- 
treatment can be processed without loss of surface hardness dur- 
ing heating (decarburization) and without further grinding or 
cleaning. Metals can be furnace-brazed without oxidation. 
Controlled atmospheres are finding many applications in the 
sintering and powder-metallurgy fields. In the fields of welding, 
forging, and melting of metals the use of separately controlled 
atmospheres is at present quite limited, but future developments 
may lead to wider uses of atmospheres in these fields of metal- 
processing. 

The purpose of this paper is to outline the principal types of 
atmospheres and to describe briefly the equipment available 
for producing these atmospheres. The discussion summarizes 
the application of these various atmospheres to a wide variety of 
heat-treating processes now in active commercial use. 

The discussion is limited to those atmospheres which are pro- 
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duced from gaseous sources, such as natural gas, propane, bu- 
tane, and various types of manufactured gases such as coke-oven 
gas, carbureted water gas, etc. Gases produced from the dis- 
sociation of the anhydrous ammonia are also included in this 
discussion. 


DiscussION OF GENERAL CoMBUSTION RANGE 


Before discussing the principal types of atmospheres, a brief 
general description will be given covering the complete combus- 
tion and cracking range of a fuel gas as related to varying amounts 
of air mixed with the fuel. 

Using methane (CH,) as an example, the various types of pre- 
pared atmospheres which can be made cover the range from 
complete combustion to partial cracking to complete cracking. 
The word “combustion” indicates that sufficient heat energy is 
evolved to generate the desired gas without addition of external 
heat. The word ‘‘cracking”’ indicates that heat energy must be 
supplied at a sufficient temperature level to promote the dissocia- 
tion of the methane when reacting with limited quantities of air. 


Ne Pe eee ae ee at 
| 
pers it 4 8 
x : [ ue, Fe & 
ices | 
y ila ee 
NY 
Re ace ee 
$ Q 
y feo% Q 
8 zg N 
ys Ni Nain 
ss i) 
Q N MIX 
Le 43 
P 4 
No] Zak Nik) 
& 
S y SIS 
VIL ag K 
N gy een | Mis < 
aes > 
Na hee 
‘ x 
ze ° 
N § Fa 
4 ‘ x 
so} a3 
4 sg 
NK 
4 
19 


Ala-7o-Gas Rario 


Fig. 1 Curves SHowrnG ComMBUSTION PROPERTIES OF METHANE 
Over Rance From CompLete ComBustTION TO COMPLETE CRACKING 


The range is illustrated by the set of curves shown in Fig. 1 
Using methane as the base fuel and mixing it with proper air 
ratios as indicated on the curve, the variation in approximate 
gas composition is shown covering the range from complete com- 
bustion to complete cracking. At a particular air-to-gas ratio, 
the approximate amounts of hydrogen, carbon monoxide, carbon 
dioxide, water vapor, and nitrogen are given. A curve of this 
type is useful in giving a general picture of what gas composition 
can be expected over the range from complete combustion to 
complete cracking. A curve of this type can be calculated for 
every type of fuel gas commercially available for use in generation 
of prepared furnace atmospheres. 

Between the right-hand side of the curve showing complete 
combustion and the left-hand side showing complete cracking, 
the actual atmosphere compositions obtained will depart some- 
what from “‘idealized’’ composition indicated on the curve for the 
following reasons: 


502 


1 In the partial-combustion range the actual amounts of 
hydrogen compared to water vapor formed will depend on the 
design of the gas generator. The same is true for the amount of 
carbon dioxide compared to the amount of carbon monoxide. 
The variations are due to size of combustion space, time allowed 
forreactions, type of catalyst used, temperature level of reac- 
tion, ete. All of these factors depend on the individual equip- 
ment design. 

2 In practical gas analysis the amount of water vapor gener- 
ated in the reactions is always partially removed by condensing 
out the steam of combustion down to temperatures and dew 
points corresponding to normal atmospheric conditions. Per cent 
water vapor given on the curve is that generated during reaction 
before any condensation or removal. 

3 At the lower air-to-gas ratios in the partial-combustion 
range and also on complete cracking range there are small 
amounts of residual methane. This will show up on actual gas 
analyses but is not shown on the general curves being discussed 
here using methane as an example for the available fuel gas. 

4 The heat generated or absorbed is shown on the curve. The 
amount of heat shown represents approximately the heat of gen- 
eration or heat of absorption required chemically to produce the 
compositions shown. The heat losses from the generating equip- 
ment and the sensible heat corresponding to the temperatures of 
gases leaving the generating equipment must be subtracted from 
heat values shown to give net heat generated or absorbed. This 
has the effect of decreasing the net heat generated and increasing 
the net heat absorbed and for this reason, the actual air-to-gas 
ratio on the curve at which heat is neither generated nor absorbed 
is higher than that indicated on the curve. For a given gas-gen- 
erator temperature, the increment by which the air-gas ratio is 
higher depends on heat losses and design of the particular gas 
equipment, 


The following summarizes the important commercial atmos- 
pheres produced from either fuel gases or anhydrous ammonia; 
sach atmosphere is briefly described from the standpoint of com- 
position, cost, and equipment required to produce it: 


ATMOSPHERE No. 1: ComPpLerBLy BurNrep FuEL Gas 


If any commercially available fuel gas is mixed with the proper 
amount of air it may be burned under controlled conditions to 
form COs, H:O, and N2. If this combustion process is carried 
out with a slight deficiency of air, there is no oxygen present in 
the resultant atmosphere and small amounts of hydrogen and CO 
will be present in addition to the gases just given. This resultant 
atmosphere corresponds to a ratio (assuming methane as the fuel) 
slightly to the left of the line representing complete combustion 
shown on curves in Fig. 1. 


(ASH. + 202 + 7.52Ne — CO, + 2H.O + 7.52N> 


Similar reactions take place with gaseous fuels containing CO, 
H2, and illuminants or heavier hydrocarbon gases such as pro- 
pane (C;Hs), and butane (C4Hyo). 

A representative composition of prepared gas when burning 
methane with a slight deficiency of air would be COz = 10 per 
cent, CO = 0.5 per cent, Hs = 0.5 per cent, CH; = 0.0 per cent, 
Os = 0.0 per cent, No = 89 per cent. Dew point corresponds ap- 
proximately to room-temperature conditions unless auxiliary 
drying equipment is used. This atmosphere is inert and non- 
explosive. This atmosphere can be set with somewhat higher 
reducing properties, as indicated by the range given by the curve 
in Fig. 1. This is desirable in many cases in order to overcome 
effects of impurities in the furnace and on the work being proc- 
essed. 

This atmosphere can be produced for approximately $0.08 
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per 1000 cu ft based on assumptions previously mentioned. 
This particular atmosphere is among the cheapest produced since 
the minimum of fuel is used owing ‘to the lean mixtures that are 
involved. 

Equipment A. A typical atmosphere generator for producing 
this gas is shown in Fig. 2. A schematic general arrangement and 
flow diagram is shown in Fig. 3. The gas-mixing pump draws air 
through a filter; the air flow automatically regulates the flow of 
gas to give a predetermined air-to-gas ratio for variable-flow de- 
mand. The air and gas, after flowing through visual flowmeters, 
mix together at a point preceding the pump inlet. 
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GENERATOR FOR PRopucING ATMOSPHERES Nos. 1 anp 2, Com- 
PLETELY BURNED OR PARTIALLY BURNED FueLt Gas; EquipMent A 


The pump moves the air and gas mixture through the piping 
system to the fire-check and burner. The temperature of the 
combustion tube is sufficiently high to ignite the mixture whose 
combustion is carried quickly to completion in a catalyst-filled 
refractory bed. This arrangement also insures thorough reaction 
so that all traces of oxygen are removed. No outside heat is 
supplied to the combustion tube since its temperature is main- 
tained by the net heat of combustion. The moisture from the 
products of combustion leaving the exit side of the combustion 
tube is condensed out of the gas in a surface condenser and sepa- 
rated from the gas in a water separator and atrap. The gas 
then may be used either in a furnace or further purified before us- 
ing by drying, scrubbing out COs, or removing small amounts 
of sulphur. 

The gas leaving the water separator is usually saturated with 
water vapor at a temperature about 10 to 15 deg F higher than 
the cooling water used in the surface condenser. 
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ATMOSPHERE No. 1-A: CompLerety BurNED Furr Gas Wiri 
COs AND H2O REMOVED 


This is atmosphere No. 1 with CO, and H2O removed. The re- 
action required to produce this gas is exactly the same as that 

‘outlined for gas No. 1. Fuel gas is burned to almost complete 
combustion on the reducing side. In this instance, however, the 
carbon dioxide and the water vapor are completely removed by 
means of separate auxiliary apparatus used in conjunction with 
the atmosphere generator described under atmosphere No. 

» Using methane for the base fuel, a typical composition of this 
gas would be as follows: CO. = 0 per cent, CO = 1/2 per cent, 
H. = 1/2 per cent, O2 = 0 per cent, CH; = 0 per cent, No = 99 
per cent. Dew point is —60 F. This gas is inert because of its 
extremely high nitrogen content. A variation of this composi- 
tion which is usually somewhat more applicable to commercial 
furnace conditions consists of CO: = 0 per cent, CO = 3 per cent, 
He = 3 per cent, Oo = 0 per cent, CH, trace, Noe 94 per 
cent. The gas is still inert but has enough active constituents 

to overcome oxidizing impurities which enter into the usual fur- 
nace application. 

' This gas is produced at a cost of approximately $0.20 to $0.40 
per 1000 cu ft. The range in cost is due to the difference between 
costs of electricity and steam when used for reactivating the car- 
bon-dioxide removal system and the drying system. These costs 

\ are based on using methane as the base fuel. 

Equipment B. Equipment required to produce this atmosphere 
consists of an atmosphere generator, the same as that shown in 
Fig. 2. The gas passes from this unit to the carbon-dioxide re- 
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CoMPLETE GAS EQUIPMENT SEQUENCE FOR PRopUCING AT- 
MOSPHERES Nos. 1-A anp 2-A 


(Gas generator is followed by carbon-dioxide removal system and 
activated-alumina drier for thoroughly removing water vapor.) 
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moval system which will be described in further detail. From the 
carbon-dioxide removal system the gas is further dried by means 
of a combination of refrigerant drying equipment and activated- 
alumina drying equipment described separately. 

Fig. 4 shows the schematic arrangement of the carbon-dioxide 
removal system. A reproduction of this equipment is shown in 
Fig. 5. The gas from the generator passes through the absorption 
tower through special packing material and gives up its carbon 
dioxide to the liquid which enters at the top of the tower and 
which trickles down through the packing material. The gas, 
free of carbon dioxide, collects at the top of the tower and flows 
through moisture-removal equipment and into the further drying 
equipment mentioned previously. The remainder of the system 
consists of a recirculating liquid system which is used to absorb 
the carbon dioxide and later to be heated up to a point where the 
carbon dioxide may be driven off. The liquid which is saturated 
with carbon dioxide collects at the bottom of the stripper column. 
The liquid trickles down through packing material through which 
is passing heated steam rising from a boiler located at the base of 
the stripper column. During this passage the carbon dioxide is 
driven off and is passed through the top of the tower into a con- 
denser which returns most of the heated steam back to the boiler. 
The carbon-dioxide gas is discharged to the atmosphere. The 
absorbing liquid which has collected in the bottom of the column 
is pumped back again to the top of the absorption tower through 
the heat exchanger and cooler. 


ATMOSPHERE No. 2: ParrraLty BurNeD FuEL Gas 


This atmosphere is similar to atmosphere No. 1 except that 
air-to-gas ratio 1s smaller, and, hence products of combustion 
contain appreciable CO and He. Sufficient heat is generated to 
keep these reducing gases forming without adding external heat, 
but heat generated is considerably less than for atmosphere No. 
1 (see curve Fig. 1). For this reason the gas-generating equip- 
ment is not self-starting but must first be thoroughly heated up 
by operating the unit at a lean air-to-gas ratio. After the unit 
is heated the mixture may be made rich enough to produce at- 
mosphere No. 2 since there is sufficient heat generated to main- 
tain temperature but not heat up the equipment from a cold 
start. With methane as the fuel the following is a typical reac- 
tion at 6 to 1 air-to-gas ratio 


CH, + 1.20, + 4.5N2—> 1/,COs + 2/3CO + Hy» + HO + 4.5Ne 


For a given air-to-gas ratio, the amount of H. compared to 
H,O, and the amount of CO compared to CO, will vary with the 
design of equipment used. Efficient catalysts will give higher H» 
and CO and therefore higher reducing properties. 

Using a fuel containing practically all methane, a typical com- 
position of this atmosphere would be as follows at a ratio of 6 
parts of air to one part of gas: CO, = 5 per cent, CO 10 per 
cent, Hy = 15 per cent, CH, = 1 per cent, Ny = 69 per cent, O2 = 
0 per cent. Dew point of gas corresponds to approximately satu- 
ration at room-temperature conditions unless auxiliary drying 
equipment is used. In many applications of this atmosphere it 
is desirable to dry the gas to dew points of approximately 40 F 
by using refrigerant-drier equipment illustrated in Fig. 9. 

In general, this atmosphere is combustible and therefore air 
should be thoroughly purged out from any enclosures in which it 
might be used. Due to its relatively high nitrogen content and 
correspondingly low Btu content it is not as highly combustible 
as raw fuel gases, but precautions against creation of explosive 
mixtures with air should always be taken when handling this 
gas. Also, any leakage of this gas from furnace openings, etc., 
should be carried away in efficient ventilation systems because 
the CO content makes it very toxic. In a great many applica- 


504 


tions the gas is burned as it issues from the furnace openings so 
that harmful CO is converted to comparatively harmless COz. 

Cost of producing this atmosphere differs from that of atmos- 
phere No. 1 in that more raw fuel gas is used. Average costs 
based on assumptions mentioned in the first part of the paper 
are from $0.10 to $0.12 per 1000 cu ft. 

Equipment A. The gas-generating equipment and comments 
on operation given for atmosphere No. 1 also apply exactly to 
atmosphere No. 2. Refer to Fig. 2 for equipment and Fig. 3 
for schematic arrangement. 


ArmMosPHERE No. 2-A: PartraLtty Burnep Fur, Gas Wit 
CO, anp H;0 REMOVED 


This atmosphere is the same as atmosphere No. 2 except with 
CO, and H:0 removed. 

This gas is produced using the same equipment and the same 
reaction described for atmosphere No. 1-A. The only difference 
consists in operating the primary gas generator at a ratio of air 
to gas which is richer so as to be able to produce the higher reduc- 
ing properties in the gas. 


PARTIALLY REACTED OR CRACKED FUEL 
Gas : 


Referring to Fig. 1, the left-hand portion of the curves shows a 
region between ratios of 5 to 1 and ratios of 2'/; to 1 where CO 
and H,O are decreasing toward zero, and CO and H; are increas- 
ing to their maximum values. Atmosphere No. 3 is defined to 
fall in this region which in general is the region between atmos- 
phere No. 2 which is partially burned fuel gas with some heat 
generated, and atmosphere No. 4 which is completely reacted 
fuel gas where heat is required. At 3 to 1 ratio using methane, 
a typical reaction is 


ATMOSPHERE No. 3: 


CH, + 0.62502 + 2.37 N2 — 0.052 CO2 + 0.948CO + 1.8 He 
+ 2H:0 + 2.37 Ne 


Based on this reaction a typical analysis of this atmosphere 
would be as follows at a ratio of 3 to 1: CO: = 1 per cent, CO = 
18 per cent, H, = 34 per cent, CHs = 1 per cent, O» = 0.0 per 
cent, No = 46 per cent. 

Dew point of gas corresponds approximately to saturation at 
room-temperature conditions. The atmosphere is combustible. 
As shown on the curve in Fig. 1, this atmosphere can also be pro- 
duced with lower reducing properties if desired but external heat 
is still required. 

This gas requires some external heat to promote the reactions 
at a high temperature level. Assuming electricity as the means 
for supplying this heat, the cost is approximately $0.15 to $0.20 
per 1000 cu ft, depending on actual air-to-gas ratios used. 

Equipment C. The schematic arrangement and description of 
operation shown for Fig. 3 applies directly to this equipment, 
the only difference being that the combustion chamber is re- 
placed with an electrically heated catalyst-filled retort chamber. 
All other auxiliaries are the same. This equipment is shown in 
Fig. 6. 


ATMOSPHERE No. 4: CompLerety Reacrep Fue, Gas 


This gas is produced from the complete reaction of fuel gas 
with the proper amount of air to produce an end product con- 
sisting of only carbon monoxide and hydrogen and nitrogen 
from the air. The reaction may bé written as follows 


This gas corresponds to the extreme left-hand range on the 
curve, Fig. 1. The carbon dioxide and water vapor are negligible 
in this range. External heating is required to produce this gas. 
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Fic. 6 Equipment C ror PrRopuciInc ATMOSPHERE No. 3, Par- 
TIALLY Reactep Furi, Gas, oR ATMOSPHERE No. 4, COMPLETELY 
ReactTep Fureut Gas 


Using a fuel gas containing practically all methane, a typical 
composition of the gas would be as follows: CO2 = 0 per cent, 
CO = 19 per cent, He = 40 per cent, CH, = 1 per cent, No = 
40 per cent. The dew point of this gas would be of the order of 
—15 F. 

The cost of producing this atmosphere using methane as the 
base fuel is approximately $0.18 to $0.25 per 1000 cu ft. 

Equipment C. The schematic arrangement and description of 
operation shown in Fig. 3 applies also to this equipment, the 
only difference being that the combustion chamber is replaced 
with an electrically heated catalyst-filled retort. All other 
auxiliaries are the same. This equipment is shown in Fig. 6; 
it is the same as that used to produce atmosphere No. 3. The 
only difference is in the operation which requires a richer air-to- 
gas ratio. : 


ATMOSPHERE No. 5: Dissocratep AMMONIA 


This gas is produced by the cracking of anhydrous ammonia. 
This gives a gas very high in hydrogen and with very low dew 
point. 

When the ammonia is thoroughly cracked the composition 
consists of 75 per cent hydrogen and 25 per cent nitrogen, and 
the dew point is below —60 F. 

This gas is produced at a cost of approximately $4 per 1000 
cu ft, using ammonia in the standard small-size containers. This 
cost can be cut approximately to one half of this value by using 
tank-car quantities of ammonia. Approximately 22.1 lb of 


ammonia are required to produce 1000 cu ft of the dissociated gas. » 


Equipment D. The equipment for producing this gas is shown 
in Fig. 7. It consists principally of an electrically heated catalyst- 
filled retort chamber through which passes the vaporized anhy- 
drous ammonia. 


ATMOSPHERE No, 6: PArrrALLy BURNED DissociATED AMMONIA 


This gas is produced by mixing a limited amount of air with 
dissociated ammonia to produce a pure mixture of hydrogen and 
nitrogen using a lower hydrogen content than that obtainable 
with dissociated ammonia. Any proportion of hydrogen com- 
pared to nitrogen can be obtained depending on the amount 
of air mixed with the dissociated ammonia before burning. 
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‘Fie. 7 Equipment D ror Propucinc ATMOSPHERE No. 5, Disso- 
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Fic. 8 Equipment E ror Propucinc ATMosPHERES Nos. 6 AnD 
6-A, ParTIALLY OR COMPLETELY BuRNED DissociaTEpD AMMONIA 


q 


} 
A typical composition of this gas is as follows: Hz = 20 per 


cent, O2 = 0 per cent, Ne = 80 percent. Dew point corresponds 
to room-temperature conditions unless auxiliary drying equip- 
ment similar to that described under atmosphere No. 2 is used. 

A gas containing 20 per cent hydrogen could be produced for 
approximately $2.60 per 1000 cu ft, based on small tank quan- 
tities of ammonia. This cost would be approximately one half 
if tank-car ammonia were used. 

Equipment E. This equipment is shown in Fig. 8. It consists 
of two principal parts, the ammonia dissociator such.as that de- 
scribed for atmosphere No. 7, and an additional retort chamber 

‘ used to combust the-mixture of air and dissociated ammonia. An 
advantage of this equipment is that any proportion of hydrogen 
‘compared to nitrogen can be produced up to the limits of dis- 
sociated ammonia itself. The equipment is also capable of oper- 
ating at low turndown values so that no gas is wasted in the 
process. This is desirable particularly since this gas is much more 
expensive than the average fuel gas. 
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ATMOSPHERE No. 6-A: COMPLETELY BuRNED DissocrATED AM- 
MONIA 


This gas is produced by the complete combustion of a mixture 
of air and dissociated ammonia. A slight deficiency of air is 
used so that no oxygen results from the combustion process. 

This gas consists of a very pure mixture of 99 per cent nitrogen 
and 1 per cent hydrogen; oxygen = 0 percent. Dew point cor- 
responds to room-temperature conditions, and further drying 
must be used if the application requires it. 

This gas may be produced at approximately $2.40 per 1000 
cu ft based on small quantities of ammonia or approximately 
one half of this amount, based on using ammonia from tank 
cars. 

Equipment EH. The equipment for producing this atmosphere is 
exactly the same as that described for atmosphere No. 6. 


AUXILIARY EQUIPMENT FoR DryiInec ATMOSPHERE GASES 


In many applications of atmospheres Nos. 1 and 2 and also of 
other types of atmospheres it is necessary to dry the gas to lower 
dew points than those obtained from equipment cooled with 


Fig. 9 Equipment F ror Partiatty Drying Gas ATMOSPHERES 
BY REFRIGERATION TO 40 F Dew Pornt 


normal commercial sources of cooling water. Dew points of ap- 
proximately 40 F can be obtained from cooling the gas by means 
of refrigerant-drier equipment shown in Fig. 9. The atmosphere 
gas passes through a system of baffled finned-type cooling coils 
inside a gastight cabinet. A hermetically sealed refrigerating 
compressor unit moves refrigerant through the cooling coils. 
This will be designated as equipment F. 

When it is necessary to dry the gas to lower dew points, an ac- 
tivated alumina drier is used. This is shown in Fig. 10. It con- 
sists of a dual tower arrangement containing activated alumina 
for absorbing moisture from the controlled-atmosphere gas. The 
purpose of the dual arrangement is to provide continuous gas 
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drying while one tower is being reactivated to remove absorbed 
moisture. This equipment will dry gases to dew points below 
—60 F if necessary. This will be designated as equipment G. 

It may be useful to summarize the equipment combinations 
necessary to produce the controlled atmospheres previously de- 
scribed. 

To produce atmosphere No. 1 (completely burned fuel gas) use 
equipment A or (A and F) set for complete combustion of fuel 
gas slightly on the reducing side. 

To produce atmosphere No. 1-A (completely burned fuel gas 
with CO: and H.O removed) use equipment A plus equipments B, 
F, and G. 

To produce atmosphere No. 2 (partially burned fuel gas) use 
equipment A or (A and F) set for incomplete or partial combus- 
tion but not lower than about 55 to 60 per cent of perfect com- 
bustion so that sufficient heat will be evolved within the generator 
itself to keep it going. 

To produce atmosphere No. 2-A (partially burned fuel gas 
with CO, and H;O removed) use equipment A plus equipments 
B, F, and G. 

To produce atmosphere No. 3 (partially reacted fuel gas) use 
equipment C. 

To produce atmosphere No. 4 (completely reacted fuel gas) 
use equipment C. 

To produce atmosphere No. 5 (dissociated ammonia) use 
equipment D. 

To produce atmosphere No. 6 (partially burned dissociated 
ammonia) use equipments E plus F, and G if drying is required. 

To produce atmosphere No. 6-A (completely burned dissociated 
ammonia) use equipment E plus F, and G if drying is required. 


Furnace Equipment to Be Usep Wirn Conrroiiep ATMos- 
PHERE 


In general, all furnace equipment must be individually analyzed 
and designed for the particular application of controlled atmos- 
phere required. Atmosphere furnaces are fabricated to be gas- 


tight. Many schemes are used to minimize the consumption of 
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prepared atmosphere and to insure positive control of atmosphere 
flow or circulation inside the furnace structure. When fuel-fired 
furnaces are used, radiant tubes of muffles are necessary to keep 
the products of combustion from mixing with the prepared at- 
mospheres. Electric furnaces of the type using resistors may be 
used without muffles where other factors in the application permit 
it. 

Separately controlled atmospheres are now being widely ap- 
plied to a variety of popular types of modern furnace equipment 
such as pusher, roller-hearth, box, bell-type, belt-conveyer, and 
elevator furnaces. 

In general, before any application of separately controlled 
atmosphere equipment is made to existing furnace equipment, 
all factors should be carefully analyzed and the experience of 
equipment manufacturers fully utilized. 

The remaining discussion will deal with the applications of the 
various atmospheres which have been outlined, to various metal 
processes, particularly those related to annealing, hardening, 
tempering, and brazing of both nonferrous and ferrous metals. 
In general, no particular single atmosphere will be universally 
applicable to all processes related to the heating of metals. The 
closest approach to a universal heat-treating atmosphere is No. 
1-A which consists of a high nitrogen-bearing gas which is oxygen- 
free and which contains sufficient reducing properties to over- 
come effect of impurities from the metal being treated and from 
the brickwork of furnaces in which the metal is treated. The 

_equipment necessary to produce this atmosphere is more expen- 
sive than that required for alternate choices of atmospheres 
which are suitable for a given process and which require less ex- 
pensive equipment. 

The general problem in applying controlled atmospheres to 
metals usually resolves itself into partial or total prevention of 
oxidation of the metal surfaces and prevention of metallurgical 
changes in metal, such as loss of carbon from steel surfaces (de- 
carburization). In some processes the atmosphere is applied 
purposely to affect the metal structure and composition, such 
as gas carburizing, where controlled amounts of carbon are added 
to the steel surface by means of chemical reaction between the 
metal and the atmosphere surrounding the metal. 


ANNEALING NONFERROUS METALS 


Copper. This metal may be annealed without oxidation in an 
atmosphere of steam but this method allows water staining and 
in many modern installations on wire, strip, and tubing, particu- 
larly on finish-annealing, it has been more desirable to use sepa- 
rately controlled atmospheres. Shiny bright surfaces can be ob- 
tained by using atmosphere No. 1 (completely burned fuel gas, 
slightly on the reducing side). 

Copper is discolored at elevated temperatures in the presence of 
extremely small amounts of sulphur compounds, particularly 
hydrogen sulphide. Manufactured fuel gases such as coke-oven 
gas or carbureted water gas are usually passed through iron-oxide 
boxes to remove hydrogen sulphide, before being used commer- 
cially. This scrubbing operation usually removes hydrogen sul- 
phide to a very small value of 5 grains per 100 cu ft of raw gas. 
Even though this amount is very small it is sufficient to discolor 
copper after mixing with air and burning in a gas generator. For 
this reason further removal is necessary beyond the gas generator. 

Complete combustion of the gases in the generator tends to 
convert most of the sulphur in the fuel gas both organic and in- 
organi¢ into sulphur dioxide which is carried off in the condensate 
from the gas generator. The small amounts of hydrogen sulphide. 
are removed by iron-oxide towers on the exit side of the gas gen- 
erator. 

Certain types of copper contain small amounts of oxygen 
which can react with hydrogen in the controlled atmosphere and 
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‘ause embrittlement. In these cases the atmosphere must be 
set for a bare minimum of hydrogen and carbon monoxide (about 
1/. to 3/s per cent of each) without any free oxygen. 

Copper-N ickel Alloys. These alloys’may be bright-annealed 
with the same atmosphere as that used for copper (atmosphere 
No. 1), and the atmosphere must be entirely free of sulphur. 
Hydrogen embrittlement in general is not a problem in the case 
of these alloys so that atmospheres with higher hydrogen and 
carbon-monoxide contents may be satisfactorily used. 

Copper-Zine Alloys (Brasses). These may be clean-annealed 
with the same atmosphere as used for copper (atmosphere No. 1). 
Bright-annealing is not obtained due to volatilization of zine 
from the surface of material at elevated temperature. This 
gives the surface a ‘‘clouded” appearance. Volatilization of 
zine and subsequent oxidation on the surface of the metal by CO, 
and H.O in the controlled atmosphere can be greatly retarded 
by using high nitrogen atmosphere from which CO. and H.O 
have been removed (atmosphere No. 1-A). 

Copper-Silicon Alloys. These may be bright-annealed with 
high nitrogen atmosphere free from CO, and HO (atmosphere 
No. 1-A), as well as being entirely free from traces of sulphur. 

Copper-Silver Alloys. These may be bright-annealed with 
either atmosphere No. 1 or No. 2 but must be absolutely free of 
any traces of sulphur, or discoloration will occur. 

Nickel and Monel Metal. These may be bright-annealed with 
either atmosphere No. 1 or No. 2 but must be entirely free of 
sulphur. The metal surfaces, although free of oxide, present a 
gray or matte finish. Shiny bright surfaces can be obtained by 
using dissociated ammonia (atmosphere No. 5) or with combusted 
dissociated ammonia (atmospheres Nos. 6 and 6-A). Inconel 
which is a high nickel-bearing alloy with chromium and iron 
can only be bright-annealed in atmospheres Nos. 5, 6, 6-A. 

Aluminum and Its Alloys. These can be successfully treated 
in air atmospheres provided moisture content is relatively low. 
Completely burned or partially burned and partially dried fuel 
gases (atmospheres Nos. 1 and 2) can also be successfully used. 
In this field there is not yet any widespread demand for applica- 
tion of separately prepared controlled atmospheres since preven- 
tion of slight surface oxidation is not a serious problem. 

Magnesium. This metal can be annealed using atmosphere No. 
1 which in general prevents any active or rapid oxidation and 
thus allows safety against possible combustion of the magnesium 
at the normal heat-treating temperatures. Air atmospheres with 
1/, to 1 per cent of sulphur dioxide added are also suecessfully 
used, 


ANNEALING FERROUS MrTALS 


Low-Carbon Steel. This may be bright-annealed using par- 
tially burned fuel gas with generator set to give maximum reduc- 
ing properties (atmosphere No. 2). In those eases where the 
available cooling water is over 60 F in temperature the dew point 
of the gas atmosphere leaving the generator will be over 70 F. 
In general, atmosphere No. 2 with dew points of over 70 F can 
cause discoloration of steel due to oxidizing action of excess 
water vapor as the steel slowly cools down through a tempera- 
ture range from 1100 F to 700 F. In those cases where cold 
water is not available the year round it is necessary to supple- 
ment the atmosphere with partial drying to dew points of about 
40 F. Atmosphere No. 2 is approximately in equilibrium with 
low-carbon steels at? normal annealing temperatures and hence 
there is no measurable amount of carbon loss or gain from the 
steel due to chemical combination with the atmosphere sur- 
rounding it. This atmosphere is very definitely decarburizing to 
medium- and high-carbon steels and to various alloy steels 
and should not be used where decarburization cannot be toler- 
ated. 
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Medium- and High-Carbon Steels. These can be bright-an- 
nealed using atmosphere No. 1-A. This atmosphere is not de- 
sarburizing and is practically neutral to a wide range of carbon 
contents in the steel so that neither carburization nor decar- 
burization takes place. The small amounts of CO and Hp» in the 
atmosphere are sufficient to react with small amounts of oxidizing 
impurities on the steel being heated, or react with impurities 
from furnace brickwork. Long-cycle annealing of alloy carbon 
steels or high-carbon steels requires an atmosphere that is chemi- 
cally inactive and which therefore does not react with the car- 
bon in the steel. The high nitrogen content of atmosphere No, 
1-A combined with total removal of decarburizing components 
such as CO» and H,0, results in an atmosphere which is chemically 
“neutral,” and reaction rates with the carbon in the steel are so 
small that no measurable gain or loss of carbon from steel occurs 
when steel is heated to annealing temperature and held there for 
long periods of time. 

Alloy Carbon Steels; Tool Steels and High-Speed Steels. These 
may be annealed on long cycles without oxidation or decarburiza- 
tion using atmosphere No. 1-A. Atmosphere requirements are 
the same as those just discussed for high-carbon steels. 

Stainless Steels. Such steels, including the chrome-nickel-iron 
alloys and the chrome-iron alloys, can be annealed without heavy 
oxidation in atmospheres No. 1 and No. 2 and very little oxida- 
tion in atmosphere Nos. 1-A, 2-A, 3, and 4. However, if it is de- 
sired to bright-anneal these steels it is necessary to use pure dry 
hydrogen. Immeasurably small amounts of oxygen must be ab- 
sent from the gas atmosphere, and the bright-annealing to be suc- 
cessful must be done in alloy-steel muffles constructed so that the 
pure dry atmosphere is maintained without possibility of entrance 
of the least traces of any oxygen-bearing gases such as Ov, COs, 
CO, H.O. Atmosphere No. 5 (dissociated ammonia) will be 
suitable. Atmospheres Nos. 6 and 6-A are also suitable provided 
they are produced from equipment which climinates all traces of 
oxygen and water vapor. 


HARDENING OF FrRROUS METALS 


In production finished machined parts of all sizes and de- 
scriptions can now be hardened free from oxidation and decar- 
burization. This development is of great significance since uni- 
form quality of work on a large production basis can be realized 
without subjecting the pieces to further machining, grinding, 
sandblasting, pickling, or other expensive cleaning operations 
which formerly were necessary to eliminate scale and soft skin 
(decarburization) on the work being heat-treated. The atmos- 
phere required to accomplish bright-hardening without decar- 
burization must be very low in CO, and water vapor. Atmos- 
pheres 1-A and 2-A mect these requirements. However, it is 
possible to produce an atmosphere which has only very small 
residual amounts of CO. and water vapor by reacting completely 
the hydrocarbon in the gas to CO and H» with a limited amount 
of air, in the presence of a catalyst at high temperature. This is 
represented by atmosphere No. 4. A variation of this, where the 
cracking is not quite so complete, is represented by atmosphere 
No. 3. 

Atmosphere No. 3 is suitable for short-cycle (less than 2 hr) 
hardening of medium-carbon steels at medium-range hardening 
temperatures (1400-1450 F) with no oxidation or decarburiza- 
tion, 

Atmosphere No. 4 is suitable for hardening 
steels and alloy carbon steels without oxidation as decarburiza- 
tion. This gas contains no CO, and very little water vapor, is 
nondecarburizing to high-carbon steels, and is particularly appli- 
cable to hardening where decarburization cannot be tolerated. 
This gas can also be set so as to be in ‘‘carbon balance” with the 
steel being heat-treated so that neither carburizing nor decar- 
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burizing takes place. Fig. 11 shows an instrument which has 
been developed for predicting the approximate carbon content of 
the steel at which the surrounding atmosphere is in equilibrium. 
This instrument is known as a “hot-wire gage’”’ and operates on 
the principle of a measurement of the change in resistance of a 
low-carbon-steel wire carburized with the surrounding gas at- 
mosphere. The wire is heated by electric current inside a glass 
tube and is surrounded by the atmosphere being tested. The 
heated wire absorbs carbon from the gas until it is in equilibrium 
with the surrounding gas. This process takes place very quickly 
because of the small cross section of the wire. A change in re- 
sistance measured on a potentiometer is calibrated in terms of the 
carbon content at which the particular gas is in equilibrium with 
the steel being heat-treated. This instrument is useful on appli- 
cations where it is desirable to maintain an atmosphere which is 
in approximate chemical balance with the carbon content of the 
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Hot-Wire GAGE FOR DETERMINING CARBURIZING PowEeR OF Gas ATMOSPHERE 


steel being hardened so that the steel surface is neither carburized 
nor decarburized. Atmosphere No. 4 may be produced to give 
these conditions. 

Tool steels and high-speed steels can be successfully hardened 
without oxidation or decarburization using atmosphere No. 4. 
The high-carbon high-chromium tool steels can be hardened with- 
out decarburization but will be tarnished due to slight oxidation 
of the chromium. If it is desired to bright-harden these steels 
it is necessary to use atmosphere No. 5 (dissociated ammonia) 
inside a special design of alloy-metal muffle furnace. 


Gas CARBURIZING 


In addition to the developments of controlled atmospheres for 
prevention of oxidation and decarburization, it is possible to 
control the rates at which carbon is added to the surface of steel 
and the distribution and depth through which the carbon dis- 


TABLE 1 ATMOSPHERES SUITABLE FOR HEAT-TREATMENT OF DIFFERENT METALS 


Temperature Time cycle Atmospheres Atmospheres 
range, (“‘long”’ if Required which will give commonly 
Material processed Process deg F over 2 hr) surface desired results used 
Bright or Clean Annealing 
Low-carbon steelsiici tutes ecto cieletic Anneal 1200 to 1350 Long Bright 1A, 2, 2A, 5,6, 6A 2 
Medium-carbon steels............. Anneal (no de- 1200 to 1450 Long Bright 1A, 2A, 5, 6, 6A 1A 
carburization 
High-carbon steels..............4. Anneal (no de- 1200 to 1450 Long Bright 1A, 2A, 5, 6, 6A 1A 
carburization) 
Alloy steels, medium- and high- 
GALDON 5.</warsatos. ate A cae ates Anneal (no de- 1300 to 1600 Long Bright or clean 1A, 2A, 5, 6, 6A 1A,2A 
carburization) ‘ 
High-speed tool steels, including 
molybdenum high speeds........ Anneal (no de- 1400 to 1600 Long Bright or clean 1A, 2A, 5, 6, 6A 1A 
carburization) 
Stainless steels, chromium and 
eas pela eA SEN 5 I WP See Anneal 1800 to 2100 Short and long Bright 5 5 
High-silicon steel, electrical sheet... Anneal 1900 to 2000 Long Clean 1A, 6 1A, 6 
SDP OTS sais as. cbe alae Borsa gear ete ere Anneal 400 to 1200 Long or short Bright 1 1 
Various brasses.... . er Anneal 800 to 1350 Long or short Clean 1 1 
Copper-nickel alloys Anneal 800 to 1400 Long or short Bright 1A, 6 1A 
Silicon-copper alloys Anneal 1200 to 1400 Long or short Bright 1A 1A 
INICKOl coo ie bavictale vin aistarn nad whos bes Anneal 1600 to 2000 Long or short Bright 1, 1A, 2, 2A, 5,6,6A 1,5 
Automatic Brazing or Soldering Operations 
Low-carbon steels... 2. ccna cmsis« Copper brazing 2050 Short Bright 2, 2A, 4, 5,6 2 
Medium- and high-carbon steels.... Copper brazing 2050 Short Bright 2A, 4, 5,6 4 
(no decarbu- 
Tization) 
Alloy steels, medium- and high- 
GALD ON Satish iatins <Aedate ara eer Copper brazing 2050 Short Bright 2A, 4, 5, 6 4 
(no decarbu- 
rization) 
High-carbon, high-chromium 
WUGOIA:. cc narcw arc eh Pateneiis <eo ates Copper brazing 2050 Short Bright 5 5 
Stainless ateelsiniciaccs nae aus ceoee Copper brazing 2050 Short Bright 5 5 
Copper or brase.c 66. fs oscma ese ete Phos-Copper 1500 to 1600 Short Bright 1 1 
brazing or sil- 
ver soldering 
Bright-Hardening and Tempering 
Medium-carbon steels............. Hardening 1400 to 1600 Short Bright or clean 1A, 2A, 4, 5, 6, 6A 4 
High-carbon stéelavo. 2 dee ee Hardening 1400 to 1800 Short Bright or clean 1A, 2A, 4, 5, 6, 6A 4 
Alloy steels, medium- and high- 
GAL OM pec tiorck Cin th eens ak oe Hardening 1400 to 1800 Short Bright or clean 1A, 2A, 4, 5, 6, 6A 4 
High-speed tool steels, including 
mioly bdentumy...).,>.24 is swumiie tae ais Hardening 1800 to 2400 Short Bright or clean 1A, 2A, 4, 5, 6, 6A 4 
All classes of ferrous metals........ Tempering or 400 to 1200 Short Bright or clean 1A, 2 2 
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perses into the steel. As stated, those gases which contain no 
CO: or water vapor will not remove carbon from steel. A gas 
with no CO; or H20 vapor is an excellent atmosphere to use as a 
“base” for adding carbon-bearing gases which will react to add 
carbon to the steel. With an efficient base or “carrier” gas 
the amount of carbon-bearing gases which must be added to pro- 
duce fast sootfree carburizing is relatively small. Methane is by 
far the most efficient carburizing gas, and small amounts of 
methane added to a carrier gas containing no CO, or water 
vapor produces a gas very suitable for quick efficient soot-free 
carburizing. Atmosphere No. 4 is an efficient base or carrier 
gas. This gas as normally produced has no CO, and very small 
water-vapor content. Due to the presence of CO, He and residual 
methane in the gas as produced, it already possesses a reason- 
able carburizing “potential” and the addition of 1 or 2 per 
cent of methane gives a very active gas for carburizing. 

Successful application of these atmospheres for quick clean 
gas carburizing also requires the use of such atmospheres in fur- 
nace equipment which will successfully maintain these atmos- 
pheres. Equipment which allows oxygen from the air to infil- 
trate even in small amounts, will destroy the carburizing poten- 
tial of the gas, and efficient soot-free gas carburizing is not 
possible. 


ATMOSPHERE FuRNACE BRrazING 


Nonferrous Metals. Many nonferrous metals can be brazed in 
protective furnace atmospheres. Copper and copper alloys are 
brazed using ‘‘Phos-Copper’”’ or ‘‘Ez-Flow,” ‘‘Sil-fos,” and similar 
alloys for brazing material. Atmosphere No. 1 is suitable for a 
great many of these applications. If discoloration is to be pre- 
vented all traces of sulphur in the gas must be removed as in the 
case of bright-annealing copper. Richer gas atmospheres with 
higher reducing properties are also suitable such as atmospheres 
Nos. 2, 3, and 4, where hydrogen embrittlement is not a factor. 

Ferrous-Metal Brazing. Brazing of steels with copper at 2050 
F is a widely used method of joining all types of assemblies. Silver 
brazing of steels at lower temperatures, such as 1700-1800 F, 
is finding growing applications. In both instances reducing at- 
mospheres are required. Atmosphere No. 2 (partially burned 
fuel gas) is applicable when the brazing does not require preven- 
tion of decarburization. This is not a problem on low-carbon 
steels but may be a factor to contend with on medium- and high- 
carbon steels. Although the average brazing operation requires 
only a relatively short time at the high temperature, the rates of 
decarburization are also very rapid at these high temperatures 
when appreciable CO2 and water vapor are present such as in 
atmosphere No. 2. 

Where decarburization of the brazed work is to be prevented 
atmosphere No. 2-A or atmosphere No. 4 should be used. At- 
mosphere No. 4 is particularly suitable for brazing because the 
high Hz, and CO content give it very high reducing properties 
which in general are very desirable for brazing ferrous metals. 

Stainless steels and the high-chromium steels require an ex- 
tremely pure reducing atmosphere. Atmosphere No. 5 is the 
most suitable, as well as dry, oxygen-free hydrogen. 


SINTERING OR PowpER-MeETALLURGY APPLICATIONS 


Controlled atmospheres are necessary in the production of 
metals and alloys in this rapidly growing field. Brasses, bronzes, 
etc., are sintered with reducing atmospheres such as atmosphere 
No. 2, and atmospheres Nos. 3 and 4. 

Ferrous alloys and iron, in general, utilize these same atmos- 
pheres. Atmospheres Nos. 3 and 4 are particularly useful be- 
cause of their very high reducing properties. 

As in normal ferrous metallurgy these are problems where 
decarburization must be prevented. Fuel-gas atmospheres, very 
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low in CO and water vapor, are desirable. Atmospheres Nos. 2-A 

and 4 fulfill these requirements. 

In those cases where oxidation of chrome (such as stainless 
steels) must be prevented, the pure dry hydrogen and dry hydro- 
gen-nitrogen mixtures must be used. Atmosphere No. 5 (dis- 
sociated ammonia) fulfills these requirements. 

A summary of the applications of atmospheres to various 
metals and metal processes is given in Table 1. 


CoNCLUSION 


In conclusion it may be said the field of application of sepa- 
rately prepared controlled atmospheres will continue to expand. 
As a result of developments in this field many heat-treating proc- 
esses can be controlled with high precision, quality is improved 
and is uniform, and large savings result because of elimination of 
cleaning, finish-machining, grinding, etc. In parallel with the 
development of controlled atmospheres, the heat-treating-process 
equipment in which these atmospheres are used has been de- 
veloped to use these gases properly. The best controlled at- 
mosphere is useless unless the companion equipment in which 
the metal is processed is designed so as to hold and maintain 
properly the atmosphere composition which is brought to it. 

Continued development, refinement, and improvement of heat- 
treating equipment are necessary in order to realize fully the bene- 
fits of the application of the separately prepared atmosphere. 


Discussion 


Sam Tour.? The author has taken a narrow view of the sub- 
ject which is the title of his paper. He has considered only that 
portion of the subject for which his company builds special pieces 
of equipment. 

“Combustion” is improperly defined in the paper. It is incor- 
rect to say, ‘‘the word ‘combustion’ indicates that sufficient heat 
energy is evolved to generate the desired gas without addition of 
external heat.’’ Properly defined the word ‘‘combustion’”’ means 
the continuous combination of a substance with certain elements, 
as oxygen, accompanied by the generation of light and heat. 
The popular conception of the word is rapid oxidation, as of fuel. 
Coal or wood will combine with oxygen if heated to a kindling 
temperature. The continuous combining of coal or wood with 
oxygen in the air is combustion. Similarly, if certain gases are 
heated to a suitable temperature they will combine with oxygen 
in the air and combustion will take place. 

““Cracking” is improperly defined in the paper. It is incorrect 
to say “the word ‘cracking’ indicates that heat energy must be 
supplied at a sufficient temperature level to promote the dissocia- 
tlonsgen eee ” Properly defined, the word ‘‘cracking’’ in connec- 
tion with fuel gases is substantially the same as in connection 
with petroleum. The cracking process is really destructive dis- 
tillation or decomposition caused by the application of heat. 

The set of curves presented in Fig. 1 of the paper is open to 
considerable question. The statement is made, ‘‘a curve of this 
type can be calculated for every type of fuel gas commercially 
available for use in generation of prepared furnace atmospheres.’’ 
This statement would indicate that the curves given in Fig. 1 
have been “calculated.” In the following paragraph the author 
admits that the curves are “‘idealized.”” He then goes on to de- 
scribe how the actual amounts of hydrogen, water vapor, carbon 
dioxide, and carbon monoxide depend upon space, time, catalyst, 
and temperature. Since the curves in Fig. 1 are not specific as 
to these factors of space, time, catalyst, and temperature, it is 
evident that they were not “‘calculated’’ but “thought up.” 

As a matter of fact, the writer a few years ago presented a 
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paper® in which the large effect of combustion-chamber tempera- 
tures was shown. The following is quoted from that paper: 

A large percentage of the controlled atmospheres required for 
the heat-treatment of steel are those obtained as the result of 
burning rich mixtures of gas and air. By a rich mixture is meant 
a mixture in which the amount of air supplied is insufficient for 
complete combustion of the gas. This is often referred to as 
“nartial combustion” with a deficiency of air. It is in this field 
that combustion chamber temperatures play their most impor- 
tant role. 

Burning city gas and air in the ratios of 1 of air to 1 of gas and 
2 of air to 1 of gas, and maintaining combustion-chamber tempera~- 
tures at various points from 1200 to 2200 F (650 to 1205 C), and 
making the usual analyses of the products of combustion, the 
effect of changes in the temperature of the combustion chamber 
becomes very apparent. The results are shown in Fig. 1 (Fig. 
12 of this discussion). It will be noted that as the temperature 
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(Originally Fig. 1 of paper, reference 3, by writer.) 


of the combustion chamber is increased, the products of combus- 
tion for the same air-to-gas ratio contain less illuminants, slightly 
less carbon dioxide, considerably more carbon monoxide, and 
greatly increased quantities of hydrogen. Unfortunately, when 
this work was done no direct determinations of water-vapor con- 
tent were made. Due to the large quantities of residual illumi- 
nants present in the products of combustion and due to the large 
quantity of soot and vtarbon formed in burning these rich mixtures 
at the lower temperatures, it is impossible to calculate the volume 
relationship between the initial gases and the products of combus- 
tion. It is therefore impossible to arrive at a logical basis for 
the calculation of water-vapor content of the products of com- 
bustion. Experience shows that the water-vapor content de- 
creases as the temperature of the combustion chamber increases. 

Burning a mixture of propane gas (C;Hs) and air and main- 
taining the combustion chamber at various temperatures, and 


3 “Furnace Atmosphere Generation,’ by Sam Tour, 
American Society for Metals, vol. 29, 1941, pp. 693-704. 
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using an air-gas ratio of 8 of air to 1 of gas, the average analyses 
of the products of combustion are shown in Fig. 2 (Fig. 13 of this 
discussion). Here it is seen that the hydrogen content of the 
products of combustion increases continuously and rapidly as the 
temperature of the combustion chamber is increased. The per- 
centage of carbon monoxide in the products of combustion in- 
creases to a combustion-chamber temperature of around 2000 F. 
(1095 C), and then decreases. This phenomenon will be referred 
to later. Illuminants and carbon dioxide both tend to decrease 
as the combustion-chamber temperature increases. 

In the combustion of propane gas we have a base material of 
known composition, and within certain limits we can calculate 
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PECK—APPLICATION OF CONTROLLED ATMOSPHERES TO THE PROCESSING OF METALS 


TABLE 2 COMPARISON OF VARIOUS ATMOSPHERES 


No. (ore) co He CH, 
1 10 0.5 0.5 0.0 
1-A 0.0 0.5 0.5 0.0 
0.0 3.0 3.0 0.0 
2 5.0 10.0 15.0 A 
2-A 0.0 10.5 16.0 1 
3 1¢ 18, 34. in 
4 0. 19). 40. i 
5 ond wi 75. rea 
6 20. 
6-A V. 


the amount of water vapor present in the products of combustion. 
The calculation is based on the assumption that for each volume 
of propane gas which is burned there will be produced three vol- 
umes of carbon-monoxide plus carbon-dioxide gases, and four 
volumes of hydrogen plus water vapor. To the extent that carbon 
is lost in the formation of illuminants and in the formation of tar, 
soot, and pitch; the calculated water vapor will be less than the 
true water-vapor content of the products of combustion. The 
results shown in Fig. 2, revised and corrected for water-vapor 
content, are shown in Fig. 3 (Fig. 14 of this discussion). Here 
the fact that the water-vapor content of the products of combus- 
tion decreases rapidly as the temperature of the combustion cham- 
ber is increased becomes quite evident. 

The decrease in carbon-monoxide content at temperatures 
above 2000 F (1095 C) is due to the large loss of carbon in the 
form of coke and carbon particles and heavy oils of the naphtha- 
lene type. In many instances the atmosphere desired from an 
atmosphere generator is one which requires even richer mixtures 
than the 8 of air to 1 of propane gas covered by the curves in 
Figs. 2 and 3 (Figs. 13 and 14 of this discussion). With these still 
richer mixtures the problem of coke deposition in a combustion 
chamber operating at 2000 F (1095 C) or higher becomes even 
more accentuated. Continued burning of excessively rich pro- 
pane gas and air mixtures in a combustion chamber at high 
temperatures results in loading the combustion chamber with 
coke and the outlet pipes with tar and naphthalenes. 

At low combustion-chamber temperatures the gases are not 
broken down so completely as to form heavy coke or pitch de- 
posits, but form large quantities of so-called “illuminants,”’ light 
oil vapors, and soot. The gases coming from the combustion 
chamber when it is operated at too low a temperature are usu- 
ally referred to as “smoky.” The soot and oil vapors which are 
carried along rapidly foul the furnace and the work in the fur- 
nace. If cooling or cleaning equipment is used to dehydrate the 
products of combustion, the passageways become coated with 
soot. Some of the oil vapors are condensed and removed with 
the condensed water vapor. 

Furnace-atmosphere gases carrying large quantities of soot 
and large quantities of oil vapors are particularly objectionable 
in metallic-resistor-heated electric furnaces where the gases 
come in contact with the heating elements. When the current is 
on the heating elements in an electric metallic resistance furnace 
are operating at temperatures considerably above the furnace- 
chamber temperature or the work-temperature control point. As 
the oil vapors in the atmosphere strike the heating elements 
they are cracked to form carbon plus lighter vapors or gases 
such as methane and hydrogen. The carbon residue builds up on 
the electric heating elements. Within a short time the carbon 
built up on the heating elements may be sufficient to cause short- 
circuiting. ° 

It seems evident that a control of the temperature of the com- 
bustion chamber is necessary. The combustion chamber should 
be maintained at a temperature high enough to prevent the ex- 
cessive formation of soot and oil vapors, but it should not be so 
high as to cause the formation of coke and heavy tars (end of 
quote). 


4 


Oe Ne HO Equipment 
0.0 89. iA Sd 
0.0 99. A+ B+F+G 
0.0 94. 
0.0 69. A+F 
0.0 72.5 A+B--F +4G 
0.0 46. C 
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For ease of comparison, the various atmospheres which are 
described by the author have been listed in Table 2 of this dis- 
cussion. 

The author describes atmosphere No. 1, the result of complete 
combustion, as an inert atmosphere. Here another term is in- 
correctly used. The term “inert’’? means neutral or devoid of 
active chemical properties. The atmosphere in question contains 
10 per cent CO, and considerable water vapor. Both of these at- 
tack steel at elevated temperatures and the atmosphere is not 
inert. The author fails to point out that, according to his 
‘Sdealized”’ curves, this atmosphere as generated contains about 
18 per cent of water vapor (steam) which is partially condensed 
by cooling to room temperature where the water content is still 
of the order of 2 per cent. 

In describing equipment B for removing CO: from products of 
combustion the author fails to mention the chemical used for ab- 
sorption or the materials necessary for construction of the ap- 
paratus in contact with this liquid. Usually “Olamines’’ are 
used and corrosion is a problem in the equipment. A much 
cheaper initial installation cost is possible with a nonregenerating 
system using cheap caustic as the absorbing medium. 

In describing atmosphere No. 2, the author fails to recognize 
the large effect of combustion-chamber temperature on the 
amount of Hs and CO formed. He erroneously refers to “‘cata- 
lysts” as giving higher H, and CO. The fact is that temperatures 
control this and higher temperatures produce higher H2 and CO. 

His estimated cost of production of atmosphere No. 4 at $0.18 
to $0.25 per 1000 cu ft is rather optimistic. Close to double these 
figures are more usual. 

He describes dissociation of ammonia as “cracking,” This is 
correct. Complicated equipment is shown for generation of 
atmospheres Nos. 6 and 6-A by ammonia dissociation, followed 
by combustion. No mention is made of direct combustion of am- 
monia vapor with air to produce mixtures high in nitrogen. Were 
such equipment used, the costly dissociator could be eliminated. 
Ammonia vapor plus air forms a combustible mixture and will 
burn in a combustion chamber to produce N2 plus H,O. Some 
traces of nitrous oxides are formed and must be scrubbed from 
the products of combustion of ammonia vapor plus air. 

This paper describes ‘‘controlled atmospheres” as those pro- 
duced in equipment separate and distinct from the equipment 
used for the heating operation. It does not refer to that important 
line of industrial equipment known as “controlled-atmosphere 
furnaces.”’ In controlled-atmosphere furnaces, the atmosphere- 
generating equipment is built into the furnace. Atmospheres 
equivalent to those described as Nos. 1, 1-A, 2, 2-A, 3, and 4 
may all be produced in such built-in generators with suitable 
auxiliary equipment. Controlled-atmosphere furnaces of the 
recirculating type are available for this purpose and are discussed 
by the writer in his review of the art. 


AvuTHOR’s CLOSURE 


Mr. Tour has pointed out specific limitations on the scope of 
the material given in the paper. It was purposely limited to a 
general discussion of separately prepared atmospheres produced 
from separate equipments. Discussion of atmospheres pro- 
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duced from built-in equipments, and discussion of atmosphere 
furnaces were considered beyond the scope of the present paper. 
Mr. Tour is probably correct in his comments on definitions © 
used. The present state of the art is such that standardization 
of terms does not exist, and the definitions given in the paper for 
“combustion” and “cracking” are those now commonly used by 
equipment manufacturers and users. Other methods of de- 
scribing the various atmospheres should also fall into such classi- 
fications as the following: 


1 Completely burned gases. 
2 Partially burned gases. 
3 Partially reacted gases. 
4 Completely reacted gases. 


In connection with the composition curve in Fig. 1 of the 
paper, the compositions given at the left-hand edge and the right- 
hand edge can be accurately calculated for any fuel gas. The 
compositions given between these two extremes cannot be cal- 
culated but have been determined by values obtained from the 
operation of properly designed commercial apparatus. In all of 
this discussion the residual methane is extremely small and the 
gases are reacted to form the approximate ideal balance between 
carbon monoxide, carbon dioxide, hydrogen, and water vapor. 
In all cases the values given on the curve assume tempera- 
tures sufficiently high to prevent any excessive formation of 
carbon in any form and limit the residual methane to very small 
values. 

Mr. Tour’s quite complete comments on the effect of tempera- 
ture on composition are correct and have been substantiated by 
actual operating experiences. The composition given in the 
curve, Fig. 1, however, is based on operation of commercial 
equipment specifically designed so that it will always operate at 
sufficient temperature level to eliminate practically all carbon 
deposits and to limit the residual methane to very small amounts. 
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As Mr. Tour points out, it is important also to consider water- 
vapor content of the gas. The approximate magnitude of this 
value is also shown in Fig. 1. In giving specific compositions of 
the gases throughout the paper, a water-vapor content before 
partial condensation is not given. The water-vapor content after 
condensation or drying is the value given since this is the prac- 
tical value, of interest to the user. However, this does not mean 
that water vapor is not an important factor in the use and appli- 
cation of gas atmospheres. Ina great many cases a water-vapor 
content is more important in its effects than any of the other 
constituents in the gas. Here again, however, a more complete 
discussion of this question was beyond the scope of the present 
paper. 

As pointed out by Mr. Tour, the temperature of operation is 
more important than the use of a catalyst. However, in the prac- 
tical design of commercial equipment it has been found that 
catalysts are essential for speeding up the rates of reactions and 
thus limiting the physical size of the equipment to reasonable 
values. 

Concerning the removal of carbon dioxide, the chemicals used 
for this purpose are the ethanolamines. The use of caustic soda 
is possible, but in general, operating costs for the type of system 
are high enough to make the use of the ethanolamines more at- 
tractive. 

Cost figures are based on average cost for natural gas as a 
fuel, and many of these figures are doubled if expensive manu- 
factured gas is the available fuel. 

The ammonia combustion equipment described in the paper 
could be simplified as pointed out by Mr. Tour, by performing the 
ammonia cracking and the burning in one operation. However, 
on the processes justifying this type of equipment, it is not worth 
while risking a formation of nitrous oxides and it is therefore 
considered more practical to eliminate these by using separate 
equipment for dissociating the ammonia. 
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A Graphical Solution of Windshield 
Heat Deicing Problems 


By H. H. HAUGER, JR.,1 SANTA MONICA, CALIF. 


It is the purpose of this paper to present the problem 
behind the design of an air-heated double-paneled wind- 
shield for aircraft. A windshield ice-prevention nomo- 
graph is proposed as a rapid accurate method of making a 
design analysis of the air-heated windshield. With its 
use the designer has at his disposal a visual means of 
determining the relative importance of the variables in- 
cluded within the design, so as to arrive at the optimum 
solution for a given installation under the conditions im- 
posed. The sample problems analyzed in this paper indi- 
cate that the required windshield strength be designed 
into the inner panel with an outer panel of tempered glass 
so as to obtain the highest outer-surface temperatures. 


INTRODUCTION 


limited due to the formation of ice on various surfaces. 


) | NTIL recently the usefulness of the airplane was somewhat 


The early air-mail pilot had to turn back or try to fly 
through the icing weather, bailing out becoming necessary more 
times than not. Travelers became reluctant to fly in the winter 
months since the commercial air lines operated only in favorable 
weather. But the air lines had to maintain regular schedules and 
overweather flying developed. Even then many flight plans had 
to be changed in order to avoid icing conditions. 

The war has changed this outlook. Military and naval opera- 
tions must be made regardless of weather conditions. To over- 
come these difficulties the ice formations on aircraft must either 
be prevented or removed. Ice may be prevented by taking an 
ice-free path, although icing conditions might move in unex- 
pectedly. Merely avoiding ice means that many scheduled flights 
and military missions would have to be canceled. Therefore 
the only logical way to maintain flight in icing weather would 
be to remove or prevent ice from forming on certain surfaces, 
which would seriously affect the flying characteristics of the 
airplane, by either mechanical, chemical, or thermal means. * 

The windshield is an example of such a surface since adequate 
vision must be maintained at all times for successful operation. 

\A mechanical means of removing ice is the windshield wiper 
which has been used with little success. A chemical anti-icing 
fluid which reacts with the ice to prevent its adhesion to the glass 
surface was found to be satisfactory if proper distribution of the 
fluid over the surface can be maintained. With this type of in- 
stallation, though, the visibility is impaired by clouding and 
smear resulting from the use of anti-icing fluids. 

Heat is one of the most successful and practical means of pre- 
venting the formation of ice. One method is to circulate heated 
air against the inner surface of the windshield glass, raising the 
outer surface to a temperature above the freezing point of water. 
If ice has already formed, the surface under the ice is raised to a 


1 Air Technical Service Command, A.A.F.; formerly Air Condi- 
tioning Design Engineer, Douglas Aircraft Company, Inc. 

Presented at a meeting of the Aviation Division, Los Angeles, 
Calif., June 5-9, 1944, of Taz American Socirty oF MECHANICAL 
ENGINEERS. 

Notre: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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temperature of about 32 F which reduces the adhesion of ice to 
the glass surface; the air stream then carries the ice away. Itis 
the design of an air-heated double-paneled windshield with which 
this paper deals exclusively. 


Arr-Heatep DouBLE-PANELED WINDSHIELD 


Good vision through the windshield involves a threefold 
problem: (a) The prevention and removal of ice on the outer 
surface; (b) prevention and removal of frost or window fog from 
the inner surface; and (c) removal of rain from the outer surface. 
An air-heated installation capable of successfully preventing the 
formation of ice on the outer surface will remove both the frost 
and the rain. Several windshields of the double-paneled air- 
heated type have been constructed and tried repeatedly in icing 
conditions by the National Advisory Committee for Aeronautics. 
The device appears to be satisfactory and many installations 
which have given satisfactory service have been made on both 
commercial and military aircraft (1).? 

A typical construction of an air-heated double-paneled wind- 
shield is shown in Fig. 1. The outer panel is laminated; a sheet 
of plastic, such as vinal, being inserted between two sheets of 
tempered glass. This laminated panel is needed for structural 
reasons only, for the windshield must pass satisfactorily an ‘‘im- 
pact test,” in order to demonstrate its ability to withstand colli- 
sions with birds during flight. The inner sheet completes the 
double-panel arrangement, being made from a sheet of plexiglas 
or its equivalent. The air gap thus formed allows the heated air 
to be concentrated against the outer panel, thereby improving 
the heat transfer over that experienced by a single-panel blast- 
air arrangement. The heated air enters the air gap through an 
inlet plenum which should be well designed to distribute the flow 
of air evenly over the windshield surface. The circulating-air 
exhaust may be either to the outside air or to the cockpit as 
shown, aiding the cabin-heating system. 

The source of heat may be from heat exchangers, employing 
the waste heat in the engine exhaust, or from internal-combustion 
heaters located near the windshield. The source of pressure is 
usually the ram pressure of the airplane. However, a blower is 
often installed to supply the necessary pressure for defrosting 
during taxiing, take-off, or landing. 

The design complications are now becoming evident. A lim- 
ited amount of air will be forced through the air gap, the amount 
being determined by the gap length, gap thickness, and available 
pressure. A limit is also set on the air temperature allowed to 
enter the double panel, as there is a definite maximum tempera- 
ture which the plastic can withstand without deterioration. 
Often the exhaust from the windshield enters the cockpit just 
over the pilot’s head and to alleviate any discomfort due to this 
hot-air blast, a restriction is placed on the exhaust-air tempera- 
ture. Finally, the windshield must be able to remove ice under 
the worst of flying conditions, which corresponds to the condi- 
tion resulting in the highest coefficient of heat transfer over the 
outer surface. For a definite ambient air temperature and wind- 
shield size, the average heat-transfer factor for turbulent flow 
over a flat plate is given in reference (2), as varying directly 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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tay. 


OUTER PANEL 


Fig. 1 


with the 0.8 power of the air velocity and density. Expressed in 
equation form 


(Average) ho < (Vy)°8 


It is therefore apparent that the most heat is required at the 
lowest altitude and the maximum airplane speed. 

A moment of reflection will indicate a definite need for a graphi- 
cal solution to such a design problem. An identical calculation 
would be required for each proposed structural change. Then 
for each air flow there is a corresponding gap size which may or 
may not be a practical size for ease of construction. In time 
of war there is also a real need for speed in designing. On the 
other hand, a graphical solution by the use of a nomograph al- 
lows a visual means of determining the effect of each variable 
so as to arrive at the optimum design for a particular installa- 
tion. 

Bearing these factors in mind, the windshield-ice-prevention 
nomograph, Fig. 2, was prepared. The following nomenclature 
corresponds to the symbols used in the development of the equa- 
tions appearing on the nomograph: 


NOMENCLATURE 
A = cross-sectional area of gap, sq ft 
b = windshield width, ft 
C, = specific heat of air at constant pressure, Btu/lb deg F 
d = gap thickness, in. 
Dz, = equivalent diameter of air passage between panels, ft 
f = friction factor for air flow, dimensionless 
g = acceleration of gravity, 4.17 X 108 ft per hr per hr 
G = weight flow of air per unit area, lb/(hr) (sq ft) 


= average convection heat-transfer coefficient on cockpit 
side of inner panel, Btu/(hr)(sq ft) (deg F) 

h; = average convection heat-transfer coefficient inside air 

gap, Btu/(hr) (sq ft) (deg F) 


ho = average convection heat-transfer coefficient over 
outer windshield surface, Btu/(hr) (sq ft) (deg F) 
k = thermal conductivity of each lamination, Btu/(hr) 
(sq ft) (deg F)/in. 
L = length of windshield parallel to direction of air flow in 
gap, in. 
l = thickness of each lamination, in. 
AP = total pressure drop of air in gap, in. water 
AP’ = pressure drop of air in gap per foot of windshield length 


at sea level, in. water 
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P = perimeter of gap, ft 
q; = heat transferred through inner panel, Btu/ (hr) (sq rt) 
qo = heat transferred through outer panel, Btu/(hr) (sq ft) 
R = Reynolds number, dimensionless 
R; = thermal resistance of inner panel, (deg F) (sq ft)/Btu 
/hr 
Ro = thermal resistance of outer panel, (deg F) (sq ft) 
/Btu/br 
T = average temperature of air in gap, deg R 
At = temperature drop of circulating air in gap, deg F 
Atay 9 = arithmetic temperature difference between average 
temperature of air in gap and outside air, deg F 
Atay; = arithmetic temperature difference between average 
temperature of air in gap and cockpit temperature, deg 
F 
t; = entering circulating air temperature, deg F 
t = leaving circulating air temperature, deg F 
Uy = over-all heat-transfer coefficient across outer panel, 
Btu/(hr) (sq ft) (deg F) 
U; = over-all heat-transfer coefficient across inner panel, 
Btu/(hr)(sq ft) (deg F) 
ry = specific volume of air at entrance and exit, respectively, 
of a duct, cu ft per lb 
W = total air flow to windshield, lb per hr 
w = air flow through windshield per foot of windshield 
width, lb per hr per ft 
y = weight density of air, Ib per cu ft 
Yave = average weight density of air in a duct, lb per cu ft 
uw = absolute viscosity of air, lb/(hr) (ft) 


THERMODYNAMIC ANALYSIS 


An analysis of the thermodynamic design of an air-heated 
double-paneled windshield will now be made. The final equa- 
tions derived during the course of the following analysis are 
found in nomographic form in Fig. 2. 

Referring to Fig. 1, if the temperature rise of the outer sur- 
face over the outside air be denoted as Af, and if the average 
heat-transfer coefficient over this surface be denoted as ho, then 
the heat transferred from this surface to the outside air per 
square foot of surface is given by (3) 


qo = 


er 


HAUGER—A GRAPHICAL SOLUTION OF WINDSHIELD HEAT DEICING PROBLEMS 


The heat transferred through the outer panel is identical with 
that as given in Equation [1]; therefore 


do = 


This is Newton’s law of heat transfer through a solid wall from 
one fluid to another. In Equation [2] the arithmetic-mean 
temperature difference is used in place of the more correct log- 
arithmic-mean temperature difference, introducing an error of 
less than 4 per cent (4), as will be explained later in the sample 
problem. The over-all heat-transfer coefficient Uy is defined as 


1 1 il 


The thermal resistance to heat transfer, Ro, for a laminated panel 
depends on the thickness J, and thermal conductivity k, of 
each lamination, as 


The heat-transfer coefficient inside the gap formed by the 
two panels is calculated (5) by the equation 
(G)0.80 


hig = 5.86 X 104 10.998 


DP.% 6] 


Although Equation [5] was developed for flow in pipes, it can be 
applied with reasonable accuracy to small rectangular ducts by 
the substitution of the equivalent diameter Dz, for the pipe 


Ww 
diameter D. Letting w = >? the air flow through the gap per 
foot of windshield width; then 


W W § 12w 
G #7 db =r aM ase eiie'ls [6] 
12 
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Since the gap width is very much smaller than the gap length, 
2d 
slight error will be introduced in dropping the (3) term from 


\the denominator of the fraction in Equation [7]; therefore 
d 
Dz = Biers [8] 
Substituting Equations [6] and [8] into [5] 
ean 
hy = 5.56 X 10-* Toa WO 19] 
d\ 0.20 
() 
| or - 
qw.80 
le, ate 6 aM I epee: nei [10] 


Since the available pressure drop through the windshield 
determines the air flow, an expression will now be developed 
relating the pressure drop to the air flow and gap thickness, 
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The well-known Fanning equation for pressure drop in inches 
of water for a straight duct (3) is 


L @ @ % 
Ne oe ee 1 
SBOE 3) Sane cue O41] 


Since the change in specific volume of the air as it passes through 
the windshield is negligible, the second term in the right side of 
Equation [11] may be omitted. Therefore 


1 
1 ee AN et Sih sevice BORON ORS 1 
A "9 2975.2 [13] 
6 
The friction factor f is given (3) by 
0.046 : 
= Fo corrects eee [14] 
where 
12u d 
GD oh @ 2B 
a ce et eee [15] 
Mh Me Me 


The values of y and » will be evaluated for sea-level altitude and 
at an average temperature of 200 deg F, which is the approximate 
average air temperature in the gap for the majority of the prac- 
tical windshield designs (6). Therefore 


y = 0.060 lb per cu ft, and » = 0.053 lb/(hr) (ft) 


Substituting the value of » into Equation [15], evaluating the 
friction factor f, and then replacing f,y, and g by their numerical 
values in Equation [13], this equation becomes 


wis 
AP’ = 29.65 X 10% po [16] 

Note that Equation [16] was developed for sea-level altitude 
and for a windshield length of 1 ft. It will be necessary to cor- 
rect the chart value of AP’ for the design altitude and windshield 
length under consideration. 

It is now necessary to determine the amount of heat transferred 
into the cockpit through the inner panel, for the total tempera- 
ture drop in the air passing through the gap depends on the 
total amount of heat transferred from the double panel. The 
over-all coefficient of heat transfer is calculated from the:equa- 
tion : 


The assumption is made that the convection-heat-transfer coef- 
ficient, h, on the cockpit side of the inner panel is equal to 1.65 
Btu/(hr) (sq ft) (deg F) (7). Then the heat transferred through 
the inner panel from the air in the gap to the cockpit is 


where once again the arithmetic-mean temperature difference 
rather than the logarithmic-mean temperature difference is used. 
Upon equating the total heat lost from the air in the gap to the 
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total heat transferred through the double panel, the tempera- 
ture drop in the circulating air can be calculated from 
L 
ee (4: + q) 12 
we, 


To recapitulate, the eight fundamental equations derived, 
which are in nomographic form in Fig. 2, are as follows 


do = [in Ki ees ae cc oe ao Ll 
ip = Up Atave etelet steve <i ‘a/ela clara epevarniste ira [2] 
il 1 1 
— =— + fk PGAc, tas « dee, scouat eager 3 
Tee + Ro + 7 [3] 
10-80 
pe tks eee i rs ees er [10] 
pi-8 
AP’ = 29.65 X 10° Wade [16] 
1 1 : 1 
U. = ih. + R; + 7 SB. cho IO OEE {17] 
VA U;A tay; see rete eee er errr ene [18] 


L 
we, 

It would be well to note that any additional surface tempera- 
ture rise due to the phenomena of kinetic heating has been 
neglected in this analysis. Kinetic heating has been neglected 
for three reasons; (a) for speed of best range kinetic heating is a 
minimum; (b) the temperature rise depends on the specific 
heat of “wet” air, the value of which is not accurately known 
since the exact amount of water present in the air under icing 
conditions is unknown; and (c) the calculated value of the sur- 
face temperature by the nomograph will be conservative. 


APPLYING THE NOMOGRAPH 


In order to illustrate the use of the nomograph, a sample 
problem will be calculated by use of the eight equations just 
given and compared to a nomographic solution. However, before 
the design equations can be applied, certain data relating to 
materials and dimensions of the windshield, entering-air tem- 
perature, leaving-air temperature, air speed, and allowable pres- 
sure drop must be known or assumed. For a typical case these 
data are as follows: 


1 For the outer panel (refer to Fig. 1) 
l, = 0.125 in., ki = 7 Btu/(hr)(sq ft)(deg F)/in. (8) 
l, = 0.020 in., ke = 1.44 Btu/(hr)(sq ft) (deg F)/in. (8) 
ls = 0.125 in., ks = 7 Btu/(hr)(sq ft) (deg F)/in. (8) 
2 For the inner panel (refer to Fig. 1) 
1 = 0.250 in., k = 1.45 Btu/hr sq ft deg F/in. 
3 For the windshield dimensions 


L = 18 in. 
b = 13 in. 
4 Entering-air temperature, t; = 230 deg F 
5 Leaving-air temperature, tg = 170 deg F 
6 For 25,000 ft altitude, minimum air speed is such that 


ho = 25 Btu/(hr) (sq ft) (deg F); total allowable AP 
= 1.85 in. water 
7 Forsea level, maximum air speed is such that 
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ho = 40 Btu/(hr)(sq ft) (deg F); total allowable AP 
= 10 in. water 
8 Outside-air temperature = 0 deg F 
9 Outer-surface temperature to be maintained = 40 deg F 
10 Cockpit temperature = 70 deg F 


The problem then resolves itself into finding what value of d 
in conjunction with w will provide the necessary surface tem- 
perature within the allowable pressure drop at 25,000 ft. At 
this altitude and at minimum speed the ram pressure is the 
smallest. Then with the gap size set, the maximum required 
heat input is determined from the maximum speed at Sea level. 

The solution of this problem proceeds in the following manner: 

From Equation [1] at 25,000 ft 


go = 25 X 40 = 1000 Btu/hr sq ft 


Assume an average temperature of circulating air in gap of 
200 F. Then from Equation [2] 


1000 
= — — = 5Btu/(h ft) (deg F 
Uo (00-0) ~° u/(hr) (sq ft) (deg F) 
From Equation [4] 
12 .02 12 
fo a 7 g — + y 7 2 = 0.0496 (deg F) (sq ft)/Btu/hr 


Therefore from Equation [3] 


1 
— 0.0496 — — = 0.1104 
25 


ole 


i 
hy 
h; = 9.05 Btu/(hr) (sq ft) (deg F) 


Now, evaluating Equation [10], for d = !/, in. (assumption), 
and solving for w 


T9-298 = (460 + 200)?-2% = 6.81 


0.125 X 9.05 X 104 
a SS 
‘f 58.1 X 6.81 250 


w = 66 lb per hr per ft 


Total air flow to the windshield is 
13 
W = 66 X 5a 71.5 lb per hr 


Now from Equation [16] 


(66)1-8 
(0.125) 
= 0.289 in. water for sea-level altitude 


AP’ = 29.65 X 10% 


For 25,000 ft altitude, the total pressure drop is 


AP = AP’ (294) (2 
i. 12 


where 29.92 = standard atmospheric pressure at sea level, 
in. Hg; and 11.1 = standard atmospheric pressure at 
25,000 ft, in. Hg. 

Solving 


AP =0.289 X2.69X1.5=1.165 in. water 


which is less than that available. 


_ 0.250 


Now s 
1.45 


= 0.1725 (deg F) (sq ft)/Btu/hr 
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TABLE 1 
Windshield length, L = 18 in, 


[eae] 
Altitude 
Outside Air Temperature, OF 


Outside Average Heat 
Transfer Coefficient, No 


Surface Temperature To 
Be Maintained, °F 


Heat Transferred Through 
Outer Panel, q, Ie 


ay 2 


Average Temperature Of 
Circulating Air In Gap,tgy, °F 


Over-all Coefficient Of 
Heat Transfer, U, 4 


200 


ww 
Oo 


Inside Convection Heat Trans- 
fer Coefficient In Gap, hy 


Heat Transferred Through 145 
Inner Panel, qy 


Total Temperature Drop In 108 
Circulating Air, At, °F 


F 
Leaving Air Temperature, 
to, °F 


Heater Requirement 
Assuming a 250 OF Rise 
and from Equation [17] 


1 1 1 
Re at ae .1725 +- —— = 0.8889 
U; 9.05 Bete ey 1.65 


U; = 1.125 Btu/(hr) (sq ft) (deg F) 
Then by Equation [18], for a cockpit temperature of 70 F 


1.125 (200 — 70) 
146 Btu/(hr) (sq ft) 


ll 


G 


The total temperature drop in the gap is, from Equation [19] 


as (1000 + 146) (1.50) 


= 108.5 deg F 
66 X 0.24 


Hence the entering-air temperature must be 


108.5 
h = 200 + —>— = 254.2 deg F 


and 
Pa 209 — =? = 145.7 deg F 


It is noticed that the entering-air temperature t is higher 
than the maximum allowed. Therefore the complete problem 
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Gap Width, d, in inches —]1/8 1/8 | 5/32 | 3/32] 3/16| 1/8 | 5/32 | 3/16 
Sac CC EC CD 
Total Pressure Drop At The 

Altitude Considered,4P Tole tae. 1.42 (25 92 2.8 9 d 

Thermal Resistance Of 

Inner Panel, Ry SLPLO L2> Nel 7 25 Ne Lrepiletieo Velsenilekzes iel7ed 
Over-all Coefficient Of 

Heat Transfer, U; alps U2 | abaal 1.13 41.145 ]1.126 1.20 |1.193]/1.190 
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DATA FOR SAMPLE PROBLEM SOLUTION FROM NOMOGRAPH, FIG. 2 


Windshield width, b = 13 in. 


Pa a es 
250001 |25000425 00 8.1. |S.L. 


ie ial 

& i?) 
cea = = t 
S °o ° c 


~ 
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oa 
fo} 
.— 

eo} 
oa 


must be recalculated, assuming a lower average gap air tempera- 
ture until all conditions are satisfied. 

The solution for this same problem is shown in Fig. 2 and 
tabulated in Table 1, column 1. Good agreement is noticed 
when the chart values are compared with the calculated values. 

A simple calculation will show the validity of using the arith- 
metic-mean rather than the logarithmic-mean temperature differ- 
ence. Referring to Fig. 3 the temperature difference (At;) be- 
tween the entering-air temperature and outside-air temperature is 
254 deg F, and for the exit condition, Ay = 146 deg F. From refer- 


OUTSIDE AIR 
TEMPERATURE 


146°F 


---WINDSHIELD LENGTH -- 


Fia. 3 Curve or TEMPERATURE DIFFDRENCES 


520 


ence (4), the logarithmic-mean temperature difference is given by 


At — A 

Atta = fae 
a At 
[ve Ab 

. 254 — 146 

= ———_— = 195 dex F 
1 254 
sua FE 


The arithmetic-mean temperature difference would be 


254 — 146 


5 = 200 deg F 


Atayvo = 


Error = 21/2 per cent. 

Table 1 has been prepared by the use of the nomograph, 
Fig. 2, to illustrate one method of determining the correct gap 
size and air flows. This method is to assume various gap sizes 
and, in conjunction with the desired outer-surface temperature, 
solve for the required air flows and circulating-air temperatures. 
Column 2 is a corrected version of column 1, indicating that 
the average temperature of the circulating air should be 185 deg F, 
instead of 200 deg F in order that the design conditions be satisfied. 
Other gap sizes were then assumed as indicated in columns 3, 4, 
and 5, and the problem again solved, the results indicating that, 
at 25,000 ft, a 3/s:-in. gap is out of the question due to the high 
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/ 


pressure drop but that a 1/s, 5/m, or */,«-in. gap may be satis- 
factory. Columns 6, 7, and 8 prove that at sea level a 1/s-in. 
gap is more to be desired than either of the larger gaps because 
of the lower heat requirement and lower exit-air temperature 
from the windshield. 

Another method of solving the sample problem, by use of the 
nomograph, Fig. 2, is to determine the maximum air flows for 
various gap sizes from the available pressure and to solve for the 
resulting outer-surface temperature, choosing the gap size which 
satisfies the design conditions. By this method Table 2 was 
prepared. Referring to the design requirements of the preced- 
ing sample problem, the pressure available at an altitude of 
25,000 ft is 1.85 in. of water. This corresponds to a pressure 
drop at sea level per foot of windshield length of 


nue a 12 
NEY = ERE —— P10 45g me wal 
5 (12) (2) 0.457 in. water 


This pressure drop determines the air flow through the wind- 
shield which, in turn, determines the outer-surface temperature. 
In Table 2, column 1 shows that a °/3.-in. gap does not give the 
required 40 deg F surface temperature, but that this temperature 
rise is realized by a 1/s, 5/s2, or 3/;6-in. gap size, as shown by 
columns 2, 3, and 4. 

If the air flow through the windshield were determined by the 
comparatively large amount of pressure available under sea-level 
flying conditions, an oversized heating system would result. 


TABLE 2 DATA FOR ALTERNATIVE SOLUTION OF PROBLEM 
Windshield width, b = 13 in, 


Windshield length, L = 18 in. 


Average Temperature Of Circu- 
lating Air In Gap, tay, °F 
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Hence the maximum required heater capacity should be based 
on an adequate outer-surface temperature and the gap size 
as determined by the minimum available pressure at the critical 
altitude (25,000 ft in this sample problem). A manual or auto- 
matic temperature control of the heater-outlet temperature must 
be provided by utilizing, through a valve or damper, the excess 
‘ram pressure at the low altitudes. Thus the maximum heat 
, requirement was determined by method 1 as tabulated in Table 1. 
Columns 5, 6, and 7 of Table 2 were merely copied from columns 6, 
7, and 8 of Table 1. 

Another windshield configuration worthy of consideration is to 
design the required impact strength into the inner windshield 
panel and to construct the outer panel of one sheet of tempered 
glass. By this arrangement a higher outer-surface temperature 
can be maintained due to the decreased thermal resistance of the 
outer panel. Asan example of such a design the sample problem 
was again solved by the windshield ice-prevention nomograph, 
assuming that the laminated panel replaces the plexiglas inner 
panel, and that the outer panel is constructed from a sheet of 
1/,-in. tempered glass. Referring to column 8 of Table 2, a 4.5- 
deg F higher surface temperature rise was obtained using the 
same 1/s-in. gap size and air flow, with a further desired reduc- 
tion in the leaving-air temperature of the circulating air. 


CONCLUSION 


The paper demonstrates that a logical method of solution for 
windshield heat deicing problems may be derived from a nomo- 
graph. One of its most important features is the saving of time 
in making a detailed design analysis of such an installation. 
As quick as two points can be connected with a straightedge the 
equation is solved with the position of the decimal point already 
ascertained. Of course a knowledge of the design equations is 
necessary for a complete understanding of this type of problem, 
but once the background study is completed, a graphical solu- 
tion is required to alleviate the monotony of making the same 
calculation over and over for each proposal. 

Inasmuch as the exact heat requirement needed to keep the 
windshield outer surface at a specified temperature in icing con- 


ditions is not accurately known, an installation designed with- 
out the benefit of kinetic heating should prove successful in ad- 
verse weather. Also, the possibility of constructing the outer 
panel of tempered glass and designing the required structural 
strength into the inner panel should not be overlooked because 
of the increased heat-transmission quality of this type of outer 
panel. The smallest gap size possible within the limits of the 
problem is to be desired, as the required heater size and exit-air 
temperature are kept to a minimum when the windshield is de- 
signed as the most efficient heat exchanger possible. 

It may therefore be seen that an air-heated windshield is 
more than just two panes of glass, the gap of which is assumed 
and to which only the excess air from the cockpit heating system 
is allowed to be utilized. It is hoped thatt his windshield ice- 
prevention nomograph will be of some benefit to the aircraft 
engineer as a timesaver. 


BIBLIOGRAPHY 


1 “Recent Flight Tests Research on Ice Prevention,” by L. 
Rodert, L. A. Clausing, and W. H. McAvoy, N.A.C.A. ARR, Janu- 
ary, 1942. 


2 ‘An Investigation of Aircraft Heaters, VIII—A Simplified 
Method for the Calculation of the Unit Thermal Conductance Over 
Wings,’ by R. C. Martinelli, A. G. Guibert, E. H. Morrin, and 
L. M. K. Boélter, University of California, N.A.C.A. ARR, March, 
1943. 

3 “Heat Transmission,’ by W. H. McAdams, McGraw-Hill 
Book Company, Inc., New York, N. Y., second edition, 1942. 


4 ‘Applied Heat Transmission,’ by H. J. Stoever, McGraw-Hill 
Book Company, Inc., New York, N. Y.., first edition, 1941. ; 

5 “An Investigation of Aircraft Heaters, I[I—Measured and 
Predicted Performange cf Double Tube Heat Exchangers,” by R. C. 
Martinelli, E. B. Weinberg, E. H. Morrin, and L. M. K. Boelter, 
University of California, N.A.C.A. ARR, October, 1942. 

6 ‘“‘An Investigation of Aircraft Heaters, II—Properties of 
Gases,’”’ by Myron Tribus and L. M. K. Boelter, University of Cali- 
fornia, N.A.C.A. ARR, October, 1942. 

7 “Thermal Resistance of Air Spaces,” by F. B. Rowley and 
A. B. Algren, A.S.H.V.E. Trans., vol. 35, 1929, p. 165. 


8 Technical Glass Bulletin No. 8, Pittsburgh Plate Glass Com- 
pany, Pittsburgh, Pa. 


¢ ite 7 
7 = . _ “a 
“8 4 


af? 


1 ‘ 
' 
3} 
j 
' 
‘ 
‘ 
~ 
. 
’ 
~ 
. 
. 
- 
d 
- 
a 


LaOny < 


Sm 
pinta wt «Gg «ie baie 


fe vi 


aren 'etG 


ph 


olp Le 


Hic PATE TL 


A 
a 


a ~§ 2a 
15 


7 
+ ; 
wali micind ¢ 
i= { aw! 
LE ae 


( . , 7 ; 7 »> a 
ty. ' oy 7 .aihe* vA " 
‘ Hit Tata Ga 


9 KG FA rr 
ne i 


. mage es to Shay, Seen aa 
: Ta A vetial ye nt? (Trier Oo Male sean) 
¢ wli Ye lay ns Gal) YA wile a 
" ToL) » 44a’ ited i Mi SULT} | 
yond ct ia hy of | Bh ‘ 
oP oe 
r bea Pad yi) 
& 
U . ‘ 
(aw a ‘ 
1 Priva 
a F ean’ 7q noe 4 
§ i odie!) aap 
(2 
fey = ay! o.wih Joy 
if yy + 
wn ¢ iale hitca t 
? 
eo i iz : 
‘ & c a si} z 
; t 
iv j i e 
ben) * . 
ac 
ir a ae neers 
thee Nas) r 
7 iw 
' 
a) 
f , li ~ 
‘ .] 
«j | «Jl 
; ; ' J y 
? 
Pe ; Q ‘ d wit y . 
s ¥ in Ton Y Tt 
ee 
a 7 
= e . . 
i Py Ps 
¥ lua of tepeat 
/ oly : a ae Nraleeey sy 
<= Per ated 7 
: =) 7 _— 


‘ 7 
~ bP a ae - “Gs 


An Acceleration Damper: Development, 


Design, and Some Applications 


By PAUL LIEBER? anp D. P. JENSEN? 


An acceleration damper is essentially an impact damper, 
consisting of a mass particle within a container such that 
the particle has specified freedom to move relative to the 
container. The efficiency of the damper depends critically 
on the freedom of the particle relative to its container. 
The energy of the mass particle, which is energized by its 
container, is dissipated in impact. The mechanism and 
theory of the acceleration damper are discussed and de- 
veloped in this paper. The theory yields formulas from 
which the acceleration damper can be designed efficiently 
for specific application. Theory and procedure for calcu- 
lating the motion of a mechanical system, as influenced 
by a given acceleration damper, are developed. Tests were 
conducted and the agreement between theory and ex- 
periment is found to be good. These results show that 
friction forces acting on the mass particle are detrimental 
to the efficiency of the damper. Finally, a method for cal- 
culating the effect of the acceleration damper on flutter 
is also developed, which is accompanied by numerical re- 
sults related to an actual airplane. It is indicated that 
the acceleration damper may have fundamental and nu- 
merous applications, some of which are fatigue, helicopter 
vibration control, aircraft vibration control in general, 
and to facilitate flight testing for flutter without endan- 
gering aircraft. 


NOMENCLATURE 
The following nomenclature is used in the paper: 
0 


i] 


phase angle between damped system and mass par- 
ticle 
x = rectilinear co-ordinate of mechanical system, ft 
s = curvilinear co-ordinate of mechanical system, ft 
% = maximum rectilinear amplitude of system, under- 
going simple harmonic motion, ft 
d = free path of mass particle in its container, ft 
K = spring constant of schematic mechanical system, 
lb per ft 
M = mass of schematic mechanical system in slugs 
m = mass of free particle of acceleration damper in slugs 
t = time variable, sec 
» = frequency of oscillation, radians per sec 
F,(é) = force exerted on vibrating system by mass particle 
8) = maximum curvilinear amplitude of system, ft 
f(t) = unit step function whose periodicity is a function of 
6 

1 The material of this paper is based on a Douglas Company Re- 
port, Santa Monica 8195, issued April 4, 1944, by co-authors Paul 
Lieber and D. P. Jensen, and on a Technical Memorandum issued 
by the company dealing with the solution of a vibration problem. 

2 Douglas Aircraft Company, Inc., Santa Monica Plant, Santa 
Monica, Calif. 

Contributed by the Aviation and Applied Mechanics Divisions 
and presented at the Annual Meeting, New York, N. Y., Nov. 27- 
Dec. 1, 1944, of Taz Amprican Socipty OF MECHANICAL ENGINEERS. 
Also presented at the Meeting of the A.S.M.E. Aviation Division, 
Los Angeles, Cal., June 11-14, 1945. 

Notre: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


T = period of impulse 
6(t— RT) = a Dirac function used to represent impulse effect of 
free particle, and is finite fort = RT 
(x — #) = relative velocity of m and M 
IS (OO Bipereesssrort oo ) 
N = number of impacts per cycle 
P(t) = energy supplied by exciting force F(t) to maintain 
constant vibration amplitude 2 or so 
d = acceleration damping coefficient 
c = viscous damping coefficient 


INTRODUCTION 


The typical unit of the acceleration damper is essentially an 
impact damper consisting of a mass particle given freedom to 
move relative to the periodic motion being damped (see Figs. 
4,5, and 6). In what follows such relative motion will be de- 
scribed by the phase angle 6. The damping force is proportional 
to the absolute acceleration of the damper. In order to design 
the acceleration damper efficiently and to apply it effectively, its 
mechanism is investigated and its effect is quantized by some 
theoretical and semiempirical considerations set forth in this 
paper. The efficiency of the damper is a function of the phase 
angle @ between the motion of the mass particle, and the motion 
that is being damped by it. It is emphasized that in the accelera- 
tion damper each particle moves in a separate channel with pur- 
pose of minimizing friction forces on the particle. Dampers con- 
taining fine multiparticles in a single container have been com- 
pared experimentally to the acceleration damper, and they were 
found to be relatively inefficient. It is believed that the ineffi- 
ciency of the multiparticle dampers is caused by the friction 
forces acting between particles contained therein. This conclu- 
sion is borne out in Figs. 11, 12, and 13. 

In practice a finite phase angle can be realized by inserting a 
mass particle in a channel fixed to the moving body, the depth of 
which exceeds the principal dimension of the particle. The mag- 
nitude of the phase angle is determined by the dimensions of 
the particle, depth of channel, and the amplitude of oscillation. 
It is independent of frequency. : In a sense then, one can represent 
the effect of the phase angle on the damping unit by an equival- 
ent damping coefficient for a given amplitude of oscillation. The 
damping coefficient is then a function of the periodic amplitude 
and is independent of frequency. The theory is developed for 
rectilinear motion. However, the theoretical results are also 
applicable to curvilinear motion by replacing the rectilinear am- 
plitude a» by the curvilinear amplitude 5». 

The following applications are indicated and warrant experi- 
mental investigation: 


1 Facilitate flight testing for flutter without endangering air- 
craft 

Fatigue control of primary and secondary structures 

Reduction of vibration amplitude associated with buffeting 

Control of vibration effects associated with compressibility 

Control of helicopter vibration 

General vibration control. 


Ook W DO 


One of the useful features of this damper is that from its very 
nature it can be installed to provide a system of uniformly dis- 
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tributed damping forces and thereby have little effect on the 
modes of oscillation themselves. Since the damping force is a 
function of absolute acceleration its installation is simple. 

This paper considers some theoretical aspects of the accelera- 
tion damper itself and gives a formula enabling one to use em- 
pirical damping data in theoretical investigations of flutter and 
vibration phenomena. The elastic rebound between the mass 
particle and its container is assumed to be zero. 


Ma DAMPER 
F=fSin wt 


Fie. 1 


THEORY 


Consider an acceleration damper installed on an inertia elas- 
tic system having one degree of freedom, being forced periodi- 
cally by F(t), such that a steady-state simple harmonic motion is 
maintained. It is imagined that a power supply P(é) exists, 
necessary to maintain such motion. The work done by the mass 
particle on the M and K system in a complete cycle is given by the 
integral 

Qa 2a 


[ono Ban ff Bate Laan {1] 
0 dt i) 


F(t) = force exerted on vibrating system by mass particle m 
when in contact with M 
w = frequency of oscillation, radians per sec 
x = position of system 
2) = Maximum amplitude of system 
t = time variable 
M = mass of system 
K = spring constant of system 
F(t) = periodic exciting force 


Since M undergoes simple harmonic motion the terms F’,(t) and 
# of the integral in Equation [1] are illustrated graphically in 
Fig. 2. 


Fia. 2 


It is clear that due to the discontinuities in the function F(t) 
the integral in Equation [1] is finite, i.e., /,(¢) is dissipative. In 
maintaining a constant amplitude of oscillation it is therefore 
necessary to provide a constant and finite power input P(t) overa 
cycle. 

“Since, as will be shown, the effective damping coefficient of an 
acceleration damper is completely determined for a constant am- 
plitude zp by the phase angle @ between the motion of the mass 
particle m and the mass M, the following analysis is based on 
steady-state simple harmonic motion. This analysis will bear 
out the nature of the dissipative forces as well as provide a for- 
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mula for calculating the efficiency of the damper as a function of 
the phase angle 6. 

Consider the work done by the system of forces acting on the 
mass M over one cycle 


Qa /o 2r/w 2a/w 
a Kantdt + 4 Mézdt + jh mitf(othdt + Do 
0 0 0 R 


2a /w 
fore — «)6(t — RT)z dt = work done per cycle.. . ([2} 
) 


For a brief discussion of the Dirac function refer to work by 
Carslaw and Jaeger.* The effect of the acceleration damper is 
represented in two integrals in Equation [2]. The integral 


2ar/w 
of mééf(wt)dt is the work done by the particle on M after ex- 
0 


erting its impact. When the particle is in contact with M, f(wt) 
= —1, and when particle is free, f(wt) = 0. The work exerted 
by the particle on M upon establishing contact with it is repre- 
sented by the integral 


2n/w 
uf m(xow — £)x5(t — RT)dt 
0 


if the motion is simple harmonic, then 


& = 2 sin wt 
Ge == 16).Cy | C@SI@Ee & ll sees Eee Sea {3} 
X¥ = —w’sp sin wt 


Substituting Equation [3] in Equation [2] gives 
; 21/w 
— w'Z Sin wt - wt 


2a /w 
K ahs Lo Sin wh+ 2ow cos wt di + M 
0 


27/w 


0 


cos wt dt + m —w* rq SID wt + wt cos wt f(wt)dt + m 
° 
2a/w > 24/w 
(aw — Xow COS wt) - 6(t — RT)zow cos wt dt = W..[4} 


work done per cycle. 

The first two integrals in Equation [4] vanish and the work 
done is determined by the remaining integrals whose values 
depend only on the design and efficiency of the acceleration 
damper. Equation [4] reduces to 


2r/w 
— mw xq? xi, sin wt: cos wt f(wt)dt + mazo%w? 
0 


2x/w 
(1 — cos wt) 6 ({ — RT) cos wt dt = 


2r 


Weecotua 
0 


The first integral can be readily evaluated for a given phase angle 
6 since the phase angle completely defines the function f(wt) 
which is illustrated in Fig. 3. 


2a /w 
By integrating uf: sin wt: cos wt f(wt)dt for a time interval 
8 


w 


in which f(t) is unity, and which is defined by 0, the contribu- 
tion of the term —mw®z9? sin wt + cos wt f(wt) dt to ait W can be 
readily calculated. It is 
2x/w 

1/. sin? (wt) = — 
6/wa 


+ mw?x? 


?“‘Operational Methods in Applied Mathematics,"’ by H. 8, 
Carslaw and J. C. Jaeger, Oxford University Press, London, Eng- 
land, 1941, appendix 3. 
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(wt) 


SS aan 
Fic. 3 


The contribution of the second term in Equation [5] to the 
work done can be calculated as follows: 


Let : 
(1 — cos wt) cos wt = (cos wt — cos? wt) = p(t) 


then the second integral in Equation [5] can be written in the 


form 
2a/w 
May?” i u(t) 6 (t — RT) dt 
0 


One of the important properties of a Dirac function defined by 
the relations 


d(x) = 0,2 <0 
SGU ARS Ga se a nee nee [7] 
=) 0h ase 
is that for a continuous function f(é) 
© © o RT +e 
Y Hf f(3(¢— RT) aT = > 3 ve fat = 
R=0 a R=0 RT 
> RD A Ge) vers. re or [8] 
R=0 


. 


The integral is finite for 
t= RIOR = t/T 


where 
0<¢<1 


Since f(t) is a continuous function 


Lim DD S(RT + ge) = »> SORT cataitione os 
eal er R=0 


Letting f(RT) correspond to u(t) in the foregoing expression, it 
follows from Equations [7] and [8] that 


2a 20 


may? We n(t)a(t — RT )dt = ma’w*Nu(RT) ae .. [10] 


where N is the number of impacts per cycle. Combining Equa- 

tions [6] and [10] leads to the following simple expression for the 

work done by the acceleration damper over one cycle 

2a > 2m 
Nmw?a?2 ba 

ES os sin? @ -L mapto®Nu(RT)| .... (11] 

0 0 


where N is equal to the number of hits the mass particle experi- 
ences per revolution. The first term in Equation [11] represents 
the work done by the particle in moving alternately with and 


‘leaving the mass M of the system. The second term is the work 


done by the impact force of the mass particle m on M. 


PERIODICITY OF CONTACT 


By periodicity of contact is meant the time elapsed between suc- 
cessive contacts of the particle m with M. As a preliminary to 
calculating the periodicity of contact, consider the time elapsed 
in which the mass particle m leaves M and re-establishes contact 


with M; (if the motion is simple harmonic, i.e., 2 = 2 sin wt) 
it is 
Try Tn41 
d+ ff tdt d+ xw uf cos wt di 
Ta+1 = RM Oe soa) Gal 
Law Low 
where 


(1) dis the length of the free path of the mass particle m 

(2) the notations n and n + 1 are used to denote sequence in 
terms of an arbitrary cycle n. In particular n could be 
taken equal to zero 


+1 


\T: , : 
d+ »rosinwt d+ asin wol'n+1 


Tn+4 = ne 


* Low Tow 


@ = 2 (wT n+1 — sin wPn41) = Lo(6n+1 — sin 6,41) .. [13] 


Equation [13] can be used for designing efficient acceleration 
dampers, since it gives a simple relationship between a desired 
angle @ and the depth of channel d in terms of %. 

In calculating the periodicity of contact for a constant ampli- 
tude it is convenient to consider the following two cases sepa- 
rately: 


Case (1): 6 < 180 deg 
Tras 
d+ sf: dt 
Tv 1 
T, = A fee {14] 
Xow w 


where 7’, is the periodicity of contact. 


But 
Try 
d+ ii edt 
a nr/w 


Tow 


That is for 6 < 180 deg the particle m will contact M two times 
per cycle. 


Case (2): 6@> 180 deg 


There exists a phase angle @ < 180 deg for which the work done 
per impact is equal to that done by a corresponding 6 > 180 deg. 
In other words, for the work done for phase angles 6, > 180 deg 
there exists a corresponding phase angle in the first two quadrants 
for which the work is the same. It follows therefore that the 
phase angle giving greatest damping efficiency for a single con- 
tact can be determined in the first two quadrants, i.e.,@ < 180 deg. 
Furthermore, since for@ < 180 deg the periodicity of contact is 2, 
and for 6; > 180 deg it is less than 2,it follows from Equation [11] 
that the phase angle corresponding to maximum energy dissipa- 
tion per cycle must be < 180 deg. ; 
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A CRITERION FOR DETERMINING PHase ANGLE 6, Givinc Maxi- 
MUM DampiINne EFFICIENCY 


In the foregoing discussion it was shown that @, must be < 
180 deg. This simplifies the problem of determining @, for a given 
amplitude of oscillation. Equation [11] can be written in the 
form 

Qn 
2 Nmwx,?2 
aap et sin? 6 + may2w2N (cos wR T — cos’wRT). [16] 
0 


for 0 <6 < 180deg, then 7, = * (see Equation [15] letting n=0). 
G@) 


Since there are two hits per cycle, N = 2 and Equation [16] 
can be written in the form 


W) = — mwx? sin? 6 + 2ma?w? (cos 6 — cos? 6) = 
— mw*x? (1 — cos 6)?.... [17] 


It is interesting to note that Equation [17] for the work done 
by the power supply can be arrived at directly by calculating the 


loss in kinetic energy of the mass particle per impact. It is 
W => —1/em (a1 — te)? ASAD Cucinttsst Rect {17a] 
where 
a1 = absolute velocity of mass particle m 
g2 = absolute velocity of container 


for simple harmonic motion, and considering two impacts per 
cycle Equation [17a] reduces to 


wW = Ge Uke COS 0) heist ta eiciees [17b] 


which is in agreement with Equation [18]. 

The reason for using the momentum approach for arriving at 
Equation [18] is to give a clear step-by-step picture of the 
mechanism of the acceleration damper and thereby facilitate 
handling of transient cases, effect of rebound, and extension of 
theory to modified cases. 

The phase angles 6, giving maximum and minimum damping 
efficiency can be determined by differentiating Equation [17] 
with respect to @ and equating the result to zero. Differentiating 
Equation [17] and equating to zero gives 


Qn 

dW \° 

Wo = — mw*x?[2 sin 6 cos @ — 4 sin @ cos 6 + 2 sin 6] 
0 


= —27,mea* sin @' [1 — cos 6) = 0.03.22. oc. ss [18] 


This is satisfied by 6 = 0 and 6 = za, which corresponds to 
minimum and maximum damping efficiency, respectively. Ap- 
plying this result to Equation [13] we obtain d, = xox, where d, 
is the free path of m corresponding to maximum damping ef- 
ficiency. Equation [17] shows that the damping efficiency in- 
creases continuously from @ = 0 to @ = w and the work done by 
the particle on the system is always negative. This means that 
power input is required to maintain a constant amplitude of os- 
cillation. 


CaLcuLATING Motion oF A SINGLE DEGREE OF FREEDOM UNDER 
INFLUENCE OF AN ACCELERATION DAMPER 


The following development neglects the effect of friction on the 
motion of the mass particles in the acceleration damper. The 
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/ 


motion can be formally represented by an integral equation of 


the form 
t 
xt) = sft (eG) laren . Note eee [19] 


The solution of Equation [19] will be carried out by using step- 
by-step integration procedure for nonsteady harmonic motion as 
follows: 


Fie. 5 Srneuze-Unit Recranevrar Tupe-Typm AccrLERATION 
DAMPER 


DAMPER 


DAMPER 


oo eae 


poner DAMPER 


Fig. 6 Typrcat AccELERATION-DAMPER INSTALLATION IN A Con- 
TROL SURFACE 
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Let 


x(t) = z(t) sin wt 
1/,M x» 1/.M (ao(t)w cos + wt)? 
1/,Ka? = 1/2K (a2o(t) sin wt)? 


Then using Equation [17a] and substituting 7, = x sin (wt + 6) 
and x2 = 2 sin wt the energy H(t) can be expressed as follows 


EQ) = ¥/2M (ao(d)e cos wt)? + */2K (a(t) sin wt)? 
— 1/,M 2xo?(t)w?(1 — cos - 6)? 


and 


where 
6 is determined by d = %(@— sin 6). (See Equation [13].) 
From this the logarithmic decrement can be determined and 
thence the value of ¢ in Equation [22]. 
Typical designs of the acceleration damper are set forth in 
Figs. 4, 5, and 6. 


SuMMARY OF EXPERIMENTAL RESULTS AND CORRELATION WITH 
THEORY 


In the experiments conducted a cantilever beam was de- 
flected, then released and allowed to vibrate with and without 
damper units attached, the frequency being controlled by the 
length of the beam. The converging amplitudes were recorded 
by means of a seismograph. Figs. 11, 12, 138, and 14 are typical 
of the numerous recordings obtained in this manner. Fig. 15 
shows test results for an acceleration damper installed on a system 
excited by a simple harmonic force. The effective moment of 
inertia of the damper used, with respect to the center of rotation, 
was 15 per cent of the moment of inertia of the system. 


In general, the agreement between theory and experiment is - 


good as borne out by Fig. 7, and the numerical results which are 
given in the next section. The efficiency of the acceleration 
damper is considered reduced when the friction of the moving 
mass is increased, as realized when using multiparticles in a single 
container. This can be seen by comparing Figs. 11, 12, and 13. 

The theory relating to flutter has not been experimentally 
verified and would necessitate flutter wind-tunnel tests. 


CoMPARISON BETWEEN CALCULATED AND MBASURED LOGARITH- 
MIC DECREMENT AT AN AMPLITUDE OF 0.358 IN. AND A FREQUENCY 
OF 9.875 RADIANS PER SEC 

Refer to Equation [19] 
2. 7.39 lb sec? 
~ 386 in. 
w = 9.875 rad/sec 
a(t) = 0.3858 and is the maximum amplitude of the beam pre- 


ceding impact. Then the energy of the beam at impact 
is 


7 1.056 lb sec? 
msc Mein: 


TB 
1/, X —— (0.358 X 9.875)? = 0.12 


386 
and the energy of beam subsequent to impact is 
1.056 
0.12 —1/, X 386° X 0.358? X 9.8752 X 4 = 0.05 


giving 


7.39 
a t2)9.875)? = 0.05 
772 (0 (te) ) 


then (tf) = 0.23 where a(t) is the maximum amplitude 
of the beam following said impact. 
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The calculated logarithmic decrement is then 


0.358 
log —— = 0.39 
°8 0.23 
as compared to the measured value 
0.358 
log —— = 0. 
Cea Oe 


In the foregoing computations the structural damping of the beam 
has been neglected, which is consistent with this comparison. 


CORRELATION BETWEEN ACCELERATION AND Viscous DAMPING 


In order to facilitate application of the acceleration damper to 
specific problems it is convenient to represent its effect by an ef- 
fective damping coefficient d such that when multiplied by the 
acceleration gives a damping force in phase with the velocity. 
The effective damping coefficient as defined can be conveniently 
determined experimentally and theoretically in accordance with 
the following development: The energy dissipated over a given 
time interval by an acceleration damper can be expressed in the 
form 


where j = V/—1 


The problem consists of determining d and to ascertain that it 
adequately represents the damping characteristics of the accelera- 
tion damper. In accordance with the following energy cri- 
terion, d can be readily expressed in terms of a viscous damping 
coefficient c corresponding to the decay curve obtained for the 
acceleration damper in the time interval 


A= poh) 


Proceeding in this manner gives 


h i 


where c is the corresponding viscous damping coefficient. 
From Equation [21], assuming simple harmonic motion 


te ts 
jd ii wa Sin wt w% COS wt dt = ase [ w? cos? wt dt 
th th 


Since 


JX Sin wt = X% sin (wt + 90) = x cos wt 


te ts 
d +i wr? cos? wt dt = xc i w? cos? wt dt 
hh ti 


oe dw = C; 


Equation [22] enables one to calculate d in terms of the viscous 
damping coefficient ¢ corresponding to the decay curve of the 
acceleration damper. Expressions of the form of Equation [20] 
can be used to represent the damping force of an acceleration 
damper in the equations of motion of a given system. 


INTRODUCTION oF ACCELERATION Dampine Forces In Equa- 

TIONS OF Morion ENCOUNTERED IN FLurreR ANALYSIS AND 

Equations or Morron INvoLvING SrmptE Harmonic Forcine 
FUNCTIONS 


As an example, consider the coupled and uncoupled damping 
forces in the h, a, and 6 co-ordinates corresponding te an accel- 
eration damper installed near the trailing edge of an aileron, 
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where h, a, and § are the generalized co-ordinates for the un- 
coupled bending torsion and control-surface modes, respec- 
tively. Let d°° represent the uncoupled acceleration damping 
coefficient in the 8 generalized co-ordinate. The coupled and 


1025|__| / TH MP \ 
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bee 


Fic. 15 Responsre Curves TO ForcED VIBRATION 


uncoupled coefficients in the generalized co-ordinates, h, a, and 
6 can be expressed in terms of d®8 as follows 


pial 2 CE. ape 
Gee ae) 


"B 
7488 
ae es geo — gop = "@ gee | [23] 
rg? rp 
q88 A 
qeh = ab a ar aha aoh 
ac} To 


where 


Ta = distance between damper and elastic axis 


rg = distance between damper and control-surface hinge 
line 
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d** = uncoupled damping coefficient in a 

a”® = uncoupled damping coefficient in h 
qs" = @’® = coupled damping coefficient between h and 6 
qd’ = g*® = coupled damping coefficient between 6 and a 
qh= = ge* = coupled damping coefficient between h and a 


In the foregoing development it is assumed that the damper is 
installed in a control surface. The damping forces corresponding 
to the set of damping coefficients just given are as follows 


Fegt = —j dB Fund = —jan | 
Food =:—j a a Fogt = —j d%* B 
Figt = —j a’? B Fae = =f 0h eee [24] 
Fendt = —j di Phat = —jd™& 
Fead = —jd%® a 


Equations [23] and [24] can be readily used in conventional 
three-dimensional flutter analysis by spanwise integration of the , 
forces in accordance with an energy criterion. Equation [23] 
can also be introduced as generalized forces in any system of 
equations of motion. The effect of the acceleration damper on 
various flutter modes of an actual airplane has been investigated 
theoretically by introducing generalized damping forces of the 
form given by Equation [24]. The results are promising and indi- 
cate the damper to be effective, especially for high-speed flutter. 


CONCLUSIONS 


Some conclusions relating to the acceleration damper are as 
follows: 

1 Its application to vibration control for aircraft is promising. 

2 The agreement between the theory developed herein for 
the acceleration damper and available test data is good. 

3 The theory provides an analytical method for designing 
the acceleration damper efficiently for specific application. 

4 Results obtained relating to flutter justify experimental re- 
search regarding the application of the acceleration damper to 
flutter control. 

5 The results arrived at in this paper can be directly applied 
to curvilinear motion by replacing 2% by so and x by s. 


Notes: Patents on Acceleration Damper are pending. Use of this 


damper requires License Agreement. 


4*Three-Dimensional Flutter Analysis,’’ by W. M. Bleakney, 
Journal of the Aeronautical Sciences, vol. 9, Dec., 1941, p. 56. 
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(Owing to travel emergency conditions existing when the second presentation of this paper was made, discussion will be accepted until 
November 10, 1946) 


Heater Designs for the Petroleum Industry 


By J. H. RICKERMAN,? NEW YORK, N. Y. 


Present-day requirements for high-octane aviation fuels 
and for toluol and benzol fractions for use in the produc- 
tion of munitions increase the need for specialized types of 
oil heaters. In the past most oil heaters were designed by 
rule of thumb but this method gave way to more accurate 
empirical methods while attempts were being made to put 
the art of design on a sound theoretical basis. The em- 
pirical relationships used were derived from correlations 
of experimental and operating data, and these relation- 
ships were satisfactory when used to design heaters of 
types and service requirements similar to those on which 
the data were obtained. However, as soon as specialized 
requirements, such as higher temperatures, increased 
heat-transfer rates, different box shapes, etc., are in- 
volved, the extrapolation of empirical equations and 
methods becomes hazardous. For this reason strenuous 
efforts have been made to place all design equations and 
methods ona theoretical basis, and it is believed that these 
efforts have yielded satisfactory results. A discussion of 
these methods of design is the subject of this paper. 


IL heaters may be classified on the basis of the service 
() which they are to perform, namely, as simple heaters in 
which no chemical conversion of the oil is to take place, 
and as reaction heaters, typified by cracking furnaces, in which a 
definite degree of conversion is desired. The basic problems 
are the same in the two types of heaters with the exception that 
in the reaction heater there is the additional requirement that the 
oil must be maintained for a specified time period at a given 
temperature, or over a given temperature range. 


FURNACE SKETCHES 


Some of the more recent heater designs which have proved 
successful in meeting the particular requirements for which they 
were designed are shown herewith. Fig. 1 shows a simple 
helical-coil radiant-section furnace which was developed primarily 
as a low-cost low-efficiency furnace for small duties, preferably not 
over 10,000,000 Btu per hr. Since a tube cleaner cannot be used 
on this furnace, its applications should be limited to services in 
which no coke or scale deposits are expected. However, this 
type of furnace may also be used where coke is expected if the 
coke-burning-out procedure is used. By this method the coke 
deposits are removed by passing air and steam through the coil 
while firing it sufficiently to start and maintain combustion of the 
coke. Enough steam is used to keep the combustion temperature 
under control. 

Fig. 2 shows an A-frame furnace which has been found to be a 
very satisfactory type for a large range of services. Developed 
originally as a simple heating furnace for duties ranging from 
10,000,000 to 30,000,000 Btu per hr, it has since been found suita- 
ble for duties as high as 100,000,000 Btu per hr. By routing the 
oil flow through it properly, this type may also be used as a crack- 
ing furnace. Its greatest advantages are (a) lower cost per mil- 


1M. W. Kellogg Company. Mem. A.S.M.E. 

Contributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Pittsburgh, Pa., June 19-22, 1944, of TH» 
AMERICAN Socrety or MecHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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lion Btu of duty due largely to its economical use of structural 
steel, and (b) the fact that two exactly symmetrical streams may 
be used in parallel. 

Fig. 3 shows a rectangular vertical-tube-type furnace which 
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offers about the only solution possible when a great number of 
equal streams of oil are to be heated equally. This type of fur- 
nace may be used for practically any service but its higher cost 
normally limits it to use under the conditions stated. By the 
use of the proper burners suitably arranged in the roof of the fur- 
nace, the heat absorption of each tube will be substantially the 
same as that of any other so that all the tubes may be connected 
in parallel. 

Fig. 4 shows a convection-type furnace. This furnace has a 
rather limited field of uscfulness. It is particularly suitable only 
when a large soaking volume at a rather low heat-transfer rate is 
required. Such a requirement is usually met in gas-pyrolysis or 
polymerization work. For other services where higher over-all 


average rates are required or desired, the furnace will not be 
satisfactory since the rate of heat transfer in the convection sec- 
tion is low owing to the low flue-gas velocity through it. 

In a paper by Rickerman, Lobo, and Baker (1),? several ar- 
rangements of the conventional type furnace are shown, both in 
the single-radiant-section type and the double-radiant-section 
type. This furnace had been widely used because of its flexibility 
in variation of size and shape. However, the overhead-convec- 
tion-section type of furnace, an example of which is shown in Fig. 
5 of reference (1), has essentially all the features of the conven- 
tional type but it is usually less costly. In the overhead-con- 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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vection-section-type furnace the stack may be mounted on the 
furnace itself thereby eliminating expensive duct work and 
additional foundations. As a result of eliminating duct work 
the size of the effective portion of the stack itself may also be 
considerably reduced. This type of furnace may be built as a 
single- or multiple-radiant-section type, with or without bridge- 
walls and may be fired from the walls or from the floor. A triple- 
radiant-section type, fired from the floor, is shown in Fig. 5 
herewith. Here the furnace shows a considerable reduction in 
first cost over the end-fired type, since, with the use of the floor for 
burner space, a large number of small burners may be installed 
with the result that considerably less clearance may safely be 
used between burners and tubes. 


Durty or Heat ABSORPTION 


For the simple heater in which no reaction is to take place, the 
specified conditions such as throughput, gravity, temperatures, 
pressures, and phase conditions will determine the amount of 
heat to be absorbed by the oil in its passage through the furnace, 
or more briefly, the furnace “duty.” This duty will consist of the 
sensible heat plus the heat of vaporization, if any, and may be 
obtained by use of specific-heat and latent-heat curves, or more 
conveniently, by means of enthalpy, or total-heat curves. 

In the case of the cracking heater, the heat of chemical reac- 
tion must also be taken into account and added to the sum of the 
sensible- and latent-heat duties mentioned. Sometimes it may 
be found that the heat of reaction is exothermic rather than endo- 
thermic, in which event it must of course be subtracted from the 
other heat duty. 

Some laboratory work has been done in an effort to determine 
the heat of reaction for at least a few typical cracking operations, 
but the number of variables involved has made it very difficult to 
obtain a satisfactory correlation. Some approximate correla- 
tions have been made based on data obtained from furnace 
tests and these correlations have been used for such heaters as 
visbreakers, gas-oil crackers, naphtha reformers, and thermal- 
polymerization furnaces. Where the character or analysis of the 
furnace charge and products is accurately known the heat of 
reaction may be calculated as the difference in the heat of com- 
bustion or the heat of formation of the charge and products. 
However, by this method the heat of reaction is determined as a 
relatively small difference between two very large total quanti- 
ties so the stipulation that the analyses be accurately known is an 


’ important one. 


EFFICIENCY OF FURNACE 


Having calculated the furnace duty, the over-all requirements 
of the oil side of the furnace, or, as it may be considered, the 
high-temperature-level heat exchanger, are known. The fluid 
on the other side of the exchanger will consist of flue gas from the 
combustion of fuel. The flue gas will be available at combustion 
conditions and may give up its heat to the oil side until its tem- 
perature approaches that of the oil to which it is transferring its 
heat as it leaves the furnace. Therefore, the temperature of the 
oil in the last pass of the furnace and the closeness of approach of 
flue gas to oil temperature will practically set the efficiency of the 
furnace unless other heat-recovery equipment is used. Normally 
the oil charge will be brought into the furnace at the point’ where 
the flue gas is leaving so that with the inlet-oil temperature 
known and the nearest economical temperature approach fixed, 
the temperature of the flue gas leaving the furnace may be fixed. 

The temperature approach, or difference, will obviously be set 
by considerations of economy and whether other heat-recovery 
equipment such as an air preheater, or waste-heat boiler, is to 
be used. When no external heat-recovery equipment is to be 
used it has been found that 200 F is about the nearest economi- 
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cal temperature approach. With low-cost fuel and low oil-inlet 
temperatures this difference may be as great as 600 to 800 deg F. 
In general, however, most oil heaters are designed for exit flue- 
gas temperatures between 700 F and 1100 F, with the majority 
between 900 F and 1000 F. 

The determination of three other factors will completely fix 
the furnace efficiency, namely, the character of the fuel to be 
fired in the furnace, the percentage of excess air with which it 
will be burned, and the radiation loss. In a natural-draft fur- 
nace it is possible to burn completely almost any oil or gas 
fired with 40 per cent excess air, and with care in the design 
and operation of the furnace even lower percentages may be ob- 
tained. 

Once the efficiency of the furnace has been determined as out- 
lined, the heat to be liberated in the furnace, i.e., the fuel to be 
fired, and the quantity and analysis of the flue gas produced may 
be calculated. Both sides of the high-temperature-level heat- 
exchanger are then known and the procedure is to determine the 
heating surface, its arrangement, and the physical dimensions of 
the furnace. 


DETERMINING THE TUBE S1zES 


The first dimensions to be decided are those of the tubes. The 
inside diameter of the tubes will be determined by the allowa- 
ble or economical pressure drop which may be taken in the coil. 
In some cases the effective pressure in the cracking coil may 
have considerable effect on the amount or nature of the thermal 
decomposition taking place so that a maximum pressure drop 
may thus be determined. In general, however, economic con- 
siderations such as pump cost and horsepower requirements will 
set the value of the permissible pressure drop. 

Of course, until the furnace is finally designed it is not possible 
to calculate the pressure drop which will obtain with a given tube 
size, since among other things the number of tubes will not be 
known. However, a preliminary estimate of the number of 
tubes required may be made and then an approximation may be 
made of the pressure drop. This process may be repeated until a 
suitable internal diameter of tube is determined. It should also be 
remembered that the oil may if desired flow through several 
tubes in parallel. 

With experience the designer usually will be able to choose an 
internal tube diameter without making these preliminary pres- 
sure-drop estimates. A criterion which may be used as a guide 
is the oil velocity through the tube, either in terms of ‘‘cold-oil 
velocity,” that is, linear velocity of the oil in feet per second, 
using the density of the oil as liquid at 60 F, or in terms of mass 
velocity. The cold-oil velocity in most oil heaters will range 
from about 2 to 10 fps. For vacuum pipestills the cold-oil veloc- 
ity may be even lower, some having been designed for about 
0.5 fps. For crude heaters and visbreakers the velocity normally 
ranges from 2 to 5 fps, for gas-oil crackers, naphtha reformers, 
and polymerization furnaces from 5 to 8 fps, for delayed-coking 
furnaces, about 7 fps, and for furnaces heating material all in the 
liquid phase, from 7 to 10 fps. Higher or lower velocities may 
also be used at an increase in the resulting pressure drop on the 
one hand and with a poorer inside oil-film heat-transfer coef- 
ficient on the other hand. Mass velocities may vary from 100 to 
500 lb per sec per sq ft of cross-sectional tube area. 

The foregoing discussion is predicated upon the assumption 
that the highest possible velocity compatible with the allowa- 
ble pressure drop should be used, since the higher the velocity 
in the tube the better the inside-film coefficient of heat transfer. 
This means that for a given maximum allowable tube-metal tem- 
perature or for a given maximum allowable oil-film temperature, 
a higher over-all heat-transfer rate may be used. The upper 
limit of tube-metal temperature may be set by the tube materials 
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to. be used, or the limit of oil-film temperature may be set so as 
to avoid coking of the oil film or discoloration of the oil caused by 
overheating of the film. 

Having set the approximate internal diameter of the tubes, 
an external diameter may be chosen to give a tube thickness ap- 
propriate for the pressures and temperatures which will obtain 
in the tubes. 

The length of tube to be used will depend largely on the type 
of furnace. In general, it has been found that for a given type of 
furnace it is most economical to use the longest tubes commer- 
cially available while at the same time covering the walls and arch 
of the combustion chamber with tubes. At least two of the di- 
mensions of the combustion chamber, or radiant section, will be 
determined by the number and size of burners required, so that 
either the number or length of tubes may be set. If the number 
of tubes is thus fixed by the box dimensions the length must be 
calculated from the required heating surface. Alternately, if 
the length of the tubes is fixed, the number of them must be ob- 
tained from the surface. Actually, it is usually necessary to 
make trial-and-error calculations in order to obtain a well-bal- 
anced economical furnace design from the standpoint of the 
number and length of tubes. 

Another point which should be kept in mind is that more 
intermediate tube supports are required for long tubes than for 
short, so that the tube length should, if possible, be chosen to take 
the greatest advantage of the intermediate tube supports which 
are necessary. Furthermore, it should be remembered that the 
pressure drop per square foot of heating surface will be less with 
long tubes since fewer return bends are required. 

Normally the tubes chosen will have outside diameters varying 
from 2 to 6 in. by 1/s-in. increments between 2 and 8 in., and by 
1/.-in. increments between 3 and 6 in. Occasionally smaller 
tube sizes, iron-pipe-size seamless tubing, or 8-in-OD tubing are 
used. Tube thicknesses vary from about !/, to 1 in., the lower 
limit being set by a nominal corrosion rate, while the upper limit 
is set by the difficulty of rolling heavier walled tubes into 
return headers. Over-all tube lengths vary from about 20 ft to 
40 ft by 2-ft increments. Shorter lengths may in some instances 
be used although ordinarily they are uneconomical owing to the 
increased number of return bends required per square foot of 
heating surface. Tubes longer than 40 ft may be used if obtaina- 
ble, or if not obtainable in one piece, two pieces may be butt- 
welded to make the greater length. Maximum lengths of single- 
piece tubes will depend on the physical capacity of the tube 
mill to handle the length, or on the size of the steel billet from 
which the tube is drawn. A practical limit of tube length may be 
set by the difficulty of cleaning. 


CALCULATING THE RADIANT SECTION 


The next step in the design of the heater is to calculate the 
radiant section or sections. The heat-transfer surface required 
in each radiant section will depend largely on the heat-transfer 
rate which is desired in the section. In addition, the percentage 
of excess air with which the fuel is burned will have an effect. 
In the Wilson, Lobo, and Hottel (2) empirical radiant-heat- 
transfer equation for box-type radiant sections these two items 
are the only variables. This equation has been rather widely 
used but it is empirical and has a number of limitations. Chief 
among these is the requirement that the radiant section be of the 
box type as well as within certain size limits. The box should not 
vary greatly from a ratio of side dimensions of about 1 to 4, 
that is, the longest side should not be more than about 4 times 
as great as the shortest side. Furthermore, the cube root of the 
internal volume of the radiant section should be within the range 
of 15 to 25 ft. The average outside tube-metal temperature 
should be in the range of 700 to 1100 F, while the temperature of 


TRANSACTIONS OF THE A.S.M.E. 


OCTOBER, 1945 


the flue gas leaving the radiant section should be in the range of 
about 1100 to 1600 F, but in no case should the average metal 
and exit-gas temperatures be closer than 400 F. In effect, 
these limitations set the range of radiant-heat-transfer rates be- 
tween about 4000 and 12,000 Btu per hr per sq ft. The excess 
air, character of fuel, and distribution of heating surface should 
also be within the range of the data obtained in the furnace tests 
used in the derivation of the equation. These data are presented 
in the original paper (2). 

In order to place the design of radiant sections on a sounder 
basis, a more rational radiant equation was developed by Hottel 
(3) and modified by Evans and Lobo (4). This equation, having 
a theoretical basis, should be suitable for use with any radiant 
section. In it account is taken of most of the variables which 
affect the heat-transfer rate. The equation is 


qi 4 Ti ] 
=" 051738 I(x) = e) (TET yee tl 
where 


H = heat absorbed by radiant surface, Btu per hr 
a = factor by which A,, must be reduced to obtain effective 
cold surface 
A.» = area of a cold plane replacing the tubes, sq ft 
¢ = over-all heat-exchange factor 
T, = temperature of flue gas leaving radiant section, deg F 
abs 
T, = temperature of heat-absorbing surface, deg F abs 


aA poh 


As may be seen, Equation [1] is a modified form of the basic 
Stefan-Boltzmann equation, the modifications consisting of the 
definition of the effective heating surface wA,,, the inclusion of a 
factor @ to take account of a number of variables, and the addi- 
tion of an arbitrary factor 7(7, — T,) to account approximately 
for convection heat transfer in the radiant section. 

The effective heating surface has been defined by Hottel (5, 6) 
while the over-all exchange factor ¢ is defined by Evans and Lobo 
(4). 

In the nomenclature following Equation [1] 7, is defined as the 
temperature of the flue gas leaving the radiant section. This 
definition is true only if the radiant box and the arrangement of 
the burners in the box are such as to give fairly complete mixing 
of the flue gas so that the exit gas temperature is also practically 
the same as the mean gas temperature within the radiant section. 
For radiant sections in which the products of combustion move 
substantially in a straight line parallel to the heat-absorbing 
surface so that the flue gas has a definite temperature gradient 
from the initial combustion zone to the exit, it is not justifiable to 
use the exit temperature in the equation. In this case a mean ef- 
fective radiating temperature must be determined, or the radiant 
section may be divided into two or more sections and the exit- 
flue-gas temperature from each section used in the equation when 
calculating that section. Obviously, with the latter method the 
proper values of aA,,, ¢, and 7’,, corresponding to the section 
being calculated, should be used. Term 7’, may be taken as the 
average outside tube-wall temperature in the section under 
consideration. 

Another point which should be noted is that if any of the tubes 
in the ¢onvection section are exposed to direct radiation from the 
hot products of combustion in the radiant section, this exposed 
surface must be added to obtain the total effective radiant surface. 
The over-all heat-transfer rate to the exposed convection surface 
will then be the sum of this direct radiant rate and the convection 
rate to be calculated subsequently. 

Obviously, the solution of a heat balance using the radiant-sec- 
tion heat absorption, as just calculated, and an allowance for 
radiation losses should give an exit-flue-gas temperature which 
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agrees with the assumed radiant-section exit-flue-gas temperature. 

Heat-transfer rates commonly used in the radiant sections of 
oil-heating and cracking furnaces vary from about 5000 to 20,000 
Btu per hr per sq ft of exposed outside tube surface. Very low 
rates may be used in a furnace without a convection section in 
order that a reasonable furnace efficiency will be obtained. In 
delayed-coking furnaces and vacuum pipe stills, rates between 
5000 and 10,000 are usual while for crude heaters, rates be- 
tween 10,000 and 12,000 are used. For gas-oil cracking furnaces, 
naphtha reformers, and polymerization furnaces, rates of from 
12,000 to 16,000 are common. Low-temperature reboilers may 
be designed for rates as high as 20,000 Btu per hr per sq ft. 
Actually even higher rates than those just outlined are often 
obtained in practice. 


CONVECTION-SECTION DESIGN 


With the radiant-section heat absorption calculated, the re- 
maining duty, that to be performed in the convection section, 
may be obtained by difference from the total, and the oil tem- 
peratures into and out of the various divisions of the convection 
section may be calculated. The heat balance on the flue-gas 
side for the radiant sections gives the temperature of the flue 
gas entering the convection section, and subsequent heat balances 
will give the necessary intermediate flue-gas temperatures. 

The length of the tubes in the convection section is usually 
made the same as those in the radiant section. The width of the 
convection bank is then set so as to obtain the best heat-transfer 
rate possible. On the other hand, the flue-gas velocity through 
the convection bank should not be too high or an excessive draft 
loss will result and the stack required will be uneconomically 
large. It has been found through considerable experience that a 
flue-gas mass velocity of about 0.5 lb per sec per sq ft of minimum 
free area usually will be satisfactory. “Mass velocities approach- 
ing 1.0 will require a stack of such size that the over-all furnace 
cost may be greater than if a lower velocity were used with the 
resulting increased heating surface. 

With the temperatures known on both sides of the flue-gas-to- 
oil “heat exchanger,” the flue-gas velocity known, and most of 
the dimensions of the section known, the heat-transfer rates may 
be calculated. Heat will be transferred by both radiation and 
convection, in parallel, from the flue gas to the outside surface 
of the tube and the heat thus transferred will then pass, in series, 
through the tube wall, any scale or coke deposit, and the inside 
oil film, to the oil. : 

The radiant heat transfer consists of ‘direct’ radiation from 
the hot flue gases and hot refractory walls of the radiant sec- 
tions, for the first two or three rows of the convection section, 
(if they are “exposed” to the heat from the radiant section) 
plus radiation from the hot flue gases passing through the tube 
bank, and from the hot adjacent refractory walls of the convec- 
tion section. . 

The direct radiation to the first rows is included in the radiant- 
section calculation as previously discussed. The radiation from 
the hot refractory walls adjacent to the convection tubes may be 
calculated by an equation for the “wall effect,” as given by 
Monrad (7). The radiation from the hot flue gases passing 
through the bank may be calculated by the method of Haslam 
and Hottel (8, 9), using the radiation charts for carbon dioxide 
and water vapor. 

The convection-heat-transfer coefficients may be calculated 
by the use of Monrad’s equation (7), or by the method given by 
Pierson, et al (10,11, 12). It is believed that the latter method 
is the more accurate. In any event, it undoubtedly may be used 
with a greater degree of assurance in ranges beyond the range 
of the data upon which the former equation was based. The 
method which is fully described in the reference articles, con- 


sists of a correlation between the Reynolds number and the 
Nusselt number. In the original article curves are given relating 
these two numbers, and by their use the convection coefficient 
may readily be obtained. 


Summary or Hmat-TRANSFER-RATE CALCULATIONS IN CoNvVEC- 
TION SECTION 


Summarizing the operations required in calculating the heat- 
transfer rate in the convection section, the following steps must 
be taken: 


1 Assume or by other means fix the total heat to be absorbed 
in the section under consideration. 

2 By heat balance, making suitable allowances for radiation 
losses, calculate the flue-gas and oil temperatures both into and 
out of the section. 

3 Calculate the logarithmic-mean temperature difference be- 
tween the flue gas and oil. 

4 Calculate the inside-oil-film coefficient in Btu per hour 
per square foot per deg F. Equations for this coefficient are 
given by Walker, Lewis, McAdams, and Gilliland (13), by Mc- 
Adams (14), and others. 

5 Assume an over-all heat-transfer rate for the section. 

6 Calculate the average outside tube-metal temperature by 
addding to the average oil temperature the temperature drop 
through the oil film, coke deposit (if any expected), and the metal 
wall of the tube. The latter temperature drop is often neglected 
since it normally is of small magnitude. 

7 Determine the amount of radiation in Btu per hour per 
square foot from the flue gas passing through the tube bank at its 
average temperature and composition, to the tube walls at 
their average temperature and surface emissivity by means of 
the radiation charts for carbon dioxide and water vapor. 

8 In order to convert it to a coefficient, divide the radiant 
rate determined under item 7 by the logarithmic-mean tempera- 
ture difference of item 3. 

9 Convert to a coefficient the direct radiation, if any (from 
the radiant section), by dividing it also by the mean tempera- 
ture difference. 

10 Calculate the coefficient of convection-heat-transfer rate as 
outlined previously. 

11 Add the three coefficients of items 8, 9, and 10 arithmeti- 
cally, since the total heat flow is the sum of these three compo- 
nents. 

12 Multiply the over-all outside gas coefficient by Monrad’s 
(7) wall-effect factor to take into account the quantity of radia- 
tion from the hot refractory adjacent to the tubes. This result 
will be the true over-all gas coefficient for the outside surface 
of the tube. 

13 Calculate the coefficient of heat transfer through the metal 
wall of the tubes and convert this to the basis of the outside 
surface by multiplying by the ratio of average to outside tube 
diameter. E 

14 Calculate the coefficient of heat transfer through the ex- 
pected coke deposit, if any, and convert to the outside-surface 
basis by multiplying by the ratio of inside to outside tube diame- 
ter, 

15 Convert the inside-oil-film coefficient of heat transfer to 
the outside-surface basis by multiplying by the ratio of inside 
to outside tube diameter. 

16 Add the reciprocals of the previous four coefficients. 
sum will be the reciprocal of the over-all coefficient. 

17 Multiply the over-all coefficient of item 16 by the mean 
temperature difference to obtain the average heat-transfer rate 
on the outside tube surface. This rate should check the assumed 
rate rather closely. 


The 


536 


18 Obtain the heating surface required by dividing the as- 
sumed oil duty for the section by the calculated rate. 


Items 13 and 14 of the summary are usually neglected but 
under certain conditions it may be advisable to include them. 


Soax1neG SECTIONS 


In the discussion thus far only heating surface has been con- 
sidered and in many of the furnaces to be designed, heating sur- 
face is all that is required. In cracking, pyrolysis, polymeriza- 
tion, and some other furnaces, however, some of the tubes will 
perform a double service. They will absorb heat as well as 
maintain the oil at approximately a constant temperature or 
within a definite temperature range for the time required to 
complete the reaction. These tubes will be in the last part of the 
coil and this part of the coil is ordinarily termed the “‘soak- 
ing” section or ‘‘soaker.”’ 

Since over a given temperature range, or at a constant tem- 
perature, a definite amount of heat will be required for a definite 
degree of conversion, it will be necessary to design the furnace 
so that this heat will be absorbed by the number of tubes re- 
quired to hold the oil at temperature for the required time. In 
other words, the number of tubes in the soaking section is fixed 
by the soaking time required and at the same time the duty of 
the soaking section is fixed by the heat of reaction required, 
hence the heat-transfer rate in that section is fixed and the 
surface must be placed in the furnace so that it receives heat at 
that rate. 

However, a considerable degree of control may in most cases 
be exercised by the designer over the conditions for which the 
soaking section is designed. For example, if the heat-transfer 
rate, necessitated by the desired temperature range, is too high 
for a consideration of the possibility of coking or for other rea- 
sons, it may be feasible to increase the working-temperature 
range of the soaker section while maintaining the transfer-line 
temperature constant. This will increase the heat duty to the 
section but it will increase the time or volume required for crack- 
ing to an even greater extent so that the over-all heat-transfer 
rate in the soaker will decrease. The number of tubes needed 
will obviously increase considerably. On the other hand, of 
course, if the heat-transfer rate is too low the temperature rise 
may be decreased. Other means of control of the design are by 
changing the outlet temperature of the coil, providing this is 
possible from a standpoint of economical tube materials and the 
heat requirements of the fractionating system; or within limits, 
by changing the effective pressure in the soaking section. This 
change may be effected in some cases by raising or lowering the 
coil outlet pressure or by changing the flow through the section 
in order to change the pressure drop. Obviously, all the inter- 
related effects of any of these changes must be investigated in 
order to be sure that in improving one condition, a worse one 
does not arise at another point. 


QGrHER CONSIDERATIONS 


Burners. In designing the radiant section or combustion 
chamber, space must, of course, be left available for the re- 
quired number of burners in the walls or floor. This space should 
be large enough and the burners so located within the space 
that they are not too close to tube surfaces, otherwise there will 
be danger of direct flame impingement on those surfaces. In the 
case of forced-circulation water heaters, flame impingement 
can often be tolerated but in most oil heaters it must be strictly 
avoided. : 

Pressure Drop. In order to determine the differential pressure 
required of the furnace-charge pump, the thickness and mate- 
rial of the furnace tubes, and in the case of cracking furnaces, 
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the amount of soaking time or volume required, it is necessary 
to calculate the pressure drop through the furnace coil. 

The well-known Fanning equation may be used to calculate 
the pressure drop. This equation in a convenient form is as 
follows 


AP _ 0.005185 Xf X GX» 
AL aa D ee 


pressure drop per equivalent foot of tubing, psi 


f = dimensionless friction factor, a function of Rey- 
nolds number 

G = mass velocity of fluid flowing, lb per sec per sq ft 

v = specific volume of fluid flowing, cu ft per lb 

D = inside diameter of tube, in. 


Equation [2] makes no allowance for the pressure drop re- 
sulting from a change in the kinetic energy of the fluid. In those 
cases where a, large fraction of the material is vaporized at low 
pressure (both conditions resulting in a high rate of change of 
specific volume and therefore of velocity), this pressure loss 
may be of importance. In order to include this loss the pres- 
sure-drop equation has been modified to the following form 


APS (ems v 1 
Nia D ) 
~~ 4637 P 
where 
P = fluid pressure, psia 
Other nomenclature as in Equation [2] 


The calculation of the pressure drop through the coil consists of 
a series of trial-and-error steps. If the coil-outlet pressure is 
fixed, which is usually the case, the pressure drop per foot at the 
outlet may be calculated directly. With this figure as a guide 
an estimate may be made of the pressure drop for a given equiva- 
lent length of tubing, working toward the inlet of the coil and 
thus an estimated pressure may be obtained for this new point, 
AL feet from the outlet of the coil. Using the estimated pressure, 
anew AP/AL should be calculated for this point. The logarith- 
mic mean of the first and second AP/AL values may then be 
multiplied by the equivalent length between the two points to 
obtain the calculated pressure drop between the points. This 
calculated value should check the estimated value rather closely. 
In this stepwise fashion the pressure drop may be calculated 
through the coil. 

Tube Calculations. Once the temperature and pressure gradi- 
ents through the coil are known the tube thickness and the tube 
material may be calculated. Bailey’s (15) creep-stress method 
for calculating tubes is probably the most commonly accepted 
method at present. In this method the maximum shear stresses 
in the tube are calculated and compared with allowable shear 
stresses which will produce a given maximum rate of creep of the 
tube material. 

Flue-Gas Ducts and Stack. After the heater itself has been de- 
signed as outlined the flue-gas disposal system must be consid- 
ered, The simplest is a natural-draft system consisting merely 
of flue-gas ducts and a stack. Natural draft is used to a much 
greater extent than forced or induced draft in the petroleum 
industry. A discussion of the several systems is given by Ricker- 
man, Lobo, and Baker (1). 

The purpose of the stack and duct work is two fold; (a) to draw 
the required amount of combustion air through the burners, and 
(6) to dispose of the flue gases into the atmosphere so that they 
are not objectionable. The draft required at the burner throat 
to insure drawing the proper amount of combustion air through 
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the burner will depend on the design of the burner itself. 
However, for those burners designed for natural-draft operation 
a draft of from 0.10 to 0.20 in. of water will usually be sufficient. 
Normally, the draft needed at the burners will be used as a starting 
point in calculating the total draft or stack height required. 
Another important point which should not be overlooked is 
that a slight draft should exist throughout the furnace setting for 
most satisfactory operation. 
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Discussion 


K. W. Fieiscuer.’ It is felt that Mr. Rickerman’s paper is a 
timely and outstanding contribution to all who wish to design 
tube stills from a more theoretical standpoint. The author 
should be commended, not only for consolidating so much prac- 
tical formulation and experience into one treatise, but also for a 


very sound and workmanlike pattern of approach to a notori- . 


ously complicated class of furnace-design problems. Mr. Rick- 
erman’s work will no doubt benefit many in the oil-refining indus- 
try; and, conceivably, could materially help equipment de- 
signers throughout the fast-growing field of “liquid heat-treat- 
ment,’”’ as involved in rayon, synthetic rubber, food, and all 
manner of chemical process industries. 

However, in connection with techniques of firing radiant sec- 
tions of tube stills, the author does not refer to one new point of 
view which promises radical influence on tube-still design. 


3 Manager, Liquid Heat-Treating Division, Selas Corporation of 
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Mr. Rickerman observes that “burners should not be too close 
to tube surfaces, otherwise there will be danger of direct flame 
impingement on those surfaces.’”’ He also describes long-standing 
problems the designer has faced in providing for: large combus- 
tion chambers; special tube-burner space relationships; and an 
average requirement of ‘‘40 per cent excess air to burn completely 
most oils or gases’””—all in order to avoid nonuniformities of heat- 
ing and hot spots on the coils. 

Ceramic-cup gas burners are now appearing on the scene which 
(a) contain the combustion reaction wholly within the cup con- 
cavity, (b) may be closely faced (within 10 to 24 in.) of tubes or 
vork without flame impingement or hot spots, and (c) may be 
distributed in any number and in any desired pattern over any 
furnace wall or roof surface—so that the heat transfer to any por- 
tion (however small or large) of a tube-still coil may be independently 
manipulated to establish any destred shape of the time-temperature 
heating curve of the oil. In a 50,000,000-Btu heater as many as 
200 burners of this type can be distributed over two walls 
40 X 20 ft each—each wall only 1 ft 9 in. from the coil it faces. 

It is also possible through this firing method to utilize com- 
pletely premixed gas-air fuel supplies at any burner pressure from 
a few ounces to 2 or 3 psi gage. With the normal inspirator-type 
burner, using gas at the orifice (or spud) at a pressure in the 
neighborhood of 10 to 15 psi gage as well as an even considerable 
stack draft, actual pressure drop across the combustion ports 
could not exceed a few ounces at the most. Thus firing with 
premixed fuel, at burner pressures measured in pounds, gives 
greater turndown range, i.e., more individual-burner heat output 
adjustability than heretofore feasible. Also, it seems that with 
the multiple-ceramic-concavity firing method, it is no longer 
necessary to provide for more than 5 or 10 per cent excess air 
if, indeed, any at all ultimately proves to be necessary. Thus 
the calculations described by Mr. Rickerman will yield different 
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heat-transfer results than have been average industry experience 
to date. Also stacks will become unnecessary. 

It isalso important to realize that in thermal cracking or other 
operations in which long soaking times (at given temperatures 
with carefully balanced small heat inputs) are desired, it is only 
necessary to throttle the cup burners directed at this coil section— 
possibly eliminating all necessity for separating soaking chambers 
from other sections. 

Fig. 1 illustrates the considerable simplifications and size re- 
ductions of tube-still structures possible with the type of firing 
described. 


AutHor’s CLOSURE 


In general, Mr. Fleischer’s comments on the advantages of 
short-flame burners are valid, although at the same time it must 
be pointed out that the methods of calculating or designing the 
furnace do not change at all when such burners are used. The 
factors or values used in the design equations do change of course, 
since the equations do take into account all or most of the vari- 
ables affecting the design. 

As to clearances required to avoid flame impingement, ob- 
viously they will depend on the expected flame length of the burn- 
ers used, and experience with the burners under consideration is 
the best guide to the designer. Nevertheless, it is quite true that 
by using certain types of burners, such as the ceramic-cup type, 
or by using a great number of small burners, the flame length is 
decreased and clearances may accordingly be reduced. The de- 
signer must bear in mind the change in over-all furnace cost which 
may result, on the one hand with a large combustion chamber 
and a low-cost burner installation, and on the other hand with a 
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smaller combustion chamber and a high-cost burner installation. 
He must also keep in mind the auxiliary equipment (such as air 
blowers) required for some of the special types of burners, and 
the operating and maintenance cost of both the burners and 
auxiliary equipment. : 

Better control of the heating gradient can undoubtedly be ob- 
tained by using a large number of small short-flame burners in a 
small combustion chamber; however, that better control may 
also entail much closer operational attention in order that the 
heating gradient may be maintained as desired. 

“Turndown ratio” for burners used in the petroleum industry 
is usually of lesser importance than for burners used in some 
other industries, except as it enables control of the heating 
gradient. 

The excess air required to burn the fuel is of importance in that 
it affects the “radiant-section efficiency” or ratio of radiant-sec- 
tion duty to heat liberated and of greater importance, the over-all 
furnace efficiency. The ceramic-cup burner undoubtedly will 
operate satisfactorily at lower percentages of excess air than the 
types of burners commonly used in the petroleum industry. 

Mr. Fleischer suggests the elimination of the stack with the 
furnace which he illustrates. Normally the stack may not be 
dispensed with because of the second requirement of a stack— 
that. it “dispose of the flue gases into the atmosphere so that they 
will not be objectionable.” 

Mr. Fleischer’s furnace using the ceramic-cup burners is very 
interesting and it is felt that this type burner will be used more 
widely in the future in furnaces of the type shown, or in other 
arrangements which take advantage of the desirable features of 
these burners. 


Cavitation in Centrifugal Pumps 


By A. J. STEPANOFF,! PHILLIPSBURG, N. J. 


With the introduction of high-head centrifugal pumps of 
high specific speed, the problem of cavitation became 
of the utmost importance. As a result, extensive study 
and experimental work have been done in this field, mostly 
in connection with hydraulic turbines and with devices 
without moving parts. In this paper the present state of 
information on cavitation is presented as it applies to 
centrifugal pumps, with a method for determining cavita- 
tion conditions from velocity considerations. The dis- 
cussion is illustrated by curves and diagrams. The model 
test laws as applied to cavitation are deduced, together 
with their limitations. Theoretical relationships govern- 
ing cavitation conditions permit establishing means to 
avoid cavitation, which have been confirmed by experi- 
ence. A summary of all important conclusions from the 
recent extensive literature on the subject is presented, and 
in conclusion, an original explanation is offered of the na- 
ture of loca] high destructive pressures during cavitation 
and in cases of metal failure by fatigue in the presence of 
liquids. 


INTRODUCTION 


N the last decade no other phase of hydraulic-machinery de- 
if sign and operation has been given so much attention in the 
technical literature as cavitation. The reason for this 
has been the use of higher specific speeds, both for hydraulic 
turbines and centrifugal pumps, with the increased danger of 
cavitation. To cope with the problem, experimental and theo- 
retical studies of cavitation have been made on hydraulic tur- 
bines, centrifugal pumps, and apparatus without moving parts 
such as Venturi-shaped water conduits. As a result of the study 
and accumulated experience, modern pumps operating at higher 
speeds are now safer against cavitation damage than in the 
recent past. In this paper, an attempt is made to present a 
summary of the acquired knowledge on cavitation as it applies to 
centrifugal pumps. 


DEFINITION OF CAVITATION 


The term ‘‘cavitation”’ refers to conditions within the pump, 
where, due to a local pressure drop, water-vapor-filled ‘“‘cavities”’ 
are formed, which collapse as soon as such vapor bubbles reach 
regions of higher pressure on their way through the pump. In 
order to form such vapor cavities, the pressure first has to drop 
to the vapor pressure corresponding to the prevailing water tem- 
perature. The liberation of air or the formation of air- or gas- 
filled cavities, however, is not sufficient to produce cavitation, 
as the effect of air bubbles on the performance and behavior of 
the pump is different. 

Cavitation should be distinguished from ‘‘separation,’” which 
is a separation of the streamlines from the low-pressure side of 
the vane and the formation of a turbulent wake behind the vane. 
Separation is possible only with real viscous fluids, while 


1 Development Engineer, Ingersoll-Rand Company. Mem. A.S. 
M.E. 
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cavitation is possible with hypothetic perfect liquids too. Ex- 
perimentally, separation has been found to be able to exist 
without cavitation, and cavitation without sefaration. Al- 
though centrifugal fans work on the same principle as centrifugal 
pumps, the former can have separation while the latter can have 
both separation and cavitation. Cavitation can appear along 
stationary parts of a hydraulic machine or along a moving vane, 
as in the case of centrifugal-pump impellers. 

The reduction of the absolute pressure to that of vapor ten- 
sion may be either general for the whole system or just local which 
may be realized without a change of the average pressure. The 
general pressure drop may be produced by (a) an increase in the 
static lift of the centrifugal pump; (6) a decrease of the atmos- 
pheric pressure with a rise in the altitude; (c) a decrease of the 
absolute pressure on the system, as in the case of pumping from 
vessels under vacuum; or (d) an increase of the temperature of 
the pumping liquid, which has the same effect as the decrease of 
absolute pressure of the system. 

The local decrease of pressure is caused by one of the follow- 
ing dynamic means: (a) An increase of velocity by speeding up 
the pump; (6) a result of separation and contraction (viscosity) ; 
and (c) a deviation of streamlines from their normal trajectory, 
such as takes place in a turn. 

Cavitation may also be caused by a sudden starting, and stop- 
ping, and recoil of the water column, such as occur during water- 
hammer phenomena. This type of cavitation is of a transient 
character and is of slight importance in centrifugal-pump prac- 
tice. 


Signs or CAVITATION 


Cavitation is manifested by one or several of the following 
signs, all of which adversely affect the pump performance and 
may damage pump parts in severe cases: 

(a) Noise and Vibration. This is caused by the sudden col- 
lapse of vapor bubbles as soon as they reach the high-pressure 
zones within the pump; the bigger the pump, the bigger the 
noise and vibration. While these signs of cavitation may appear 
in the normal operating range of the pump only if the suction 
head is not sufficient to suppress cavitation, noise and accom- 
panying vibration are present in all pumps to a varying degree 
when operated .at points far removed from the best-efficiency 
point due to a bad angle of attack at entrance to the impeller. 
By admitting small amounts of air into the pump suction, 
noise can be almost completely eliminated. In this way the air 
serves as a cushion when the vapor bubbles collapse. This 


- method, however, is not often resorted to for elimination of 


noises in centrifugal pumps, although it is an established pro- 
cedure with water turbines and large butterfly valves where air is 
admitted automatically at partial loads (1, 2, 29).2. The bene- 
ficial effect of air admission to the pump suction under cavita- 
tion conditions is not limited to the elimination of noise and me- 
chanical vibration, for the impeller-vane pitting is also reduced 
if not entirely eliminated, as this is caused by the mechanical 
shock accompanying the collapse of the vapor bubbles. 

(b) Drop in Head-Capacity and Efficiency Curves. This ap- 
pears to a different degree with pumps of different specific 
speed. With low-specific-speed pumps (up to 1600), the head- 
capacity, the efficiency, and the bhp curves drop off suddenly 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Fig. 1 (Top) Caviration Wira Cut IMPELLERS 
(Four-stage pump, 3550 rpm.) 


Fic. 2 (Bottom) Cavyiration AT DirFERENT SPEEDS 
(Three-inch single-suction pump.) 


‘when cavitation is reached, Figs. 1 and 2. With higher-specific- 
speed pumps (1500-5000), however, the head-capacity and the 
efficiency curves begin to drop along the whole range gradually 
before the point of sudden breakoff is reached, Fig. 3. The 
degree of drop in the head-capacity and efficiency curves de- 
pends on the specific speed and on the suction pressure, in- 
creasing for higher specific speed and lower suction pressure. 

With high-specific-speed pumps (above 6000) of the propeller 
type, there is no definite breakoff point on the curves, Fig. 5; 
instead, there is a gradual drop in the head-capacity and the 
efficiency curves along the whole range. In these types of pumps, 
the drop in the efficiency appears before there is a perceptible 
drop in the head-capacity curve. Therefore a drop in the ef- 
ficiency is a more reliable criterion of approaching cavitation condi- 
tions. Even the objectionable noise may not appear until 
cavitation has progressed beyond the point where the efficiency 
becomes unsuited commercially. 

Variations in the behavior of pumps of different specific speeds 
result from differences in impeller design. Low-specific-speed 
impeller vanes form a definite channel, the length of which 
depends on the vane angles, the number of vanes, and the 
ratio of the impeller-eye diameter D; to the impeller outside 
diameter D,, Fig. 7. When the pressure at the impeller eye 
reaches the vapor pressure, usually on the back side of the vane 
entrance tips, it extends rapidly across the entire width of the 
channel A-B, Fig. 7(a), with a small increase in capacity and de- 
crease in head. A further drop in the discharge pressure does not 
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Fic. 3(Top) Curves ror 12-In. Dousie-Suction Pump; 1200 Rem 


Fic. 4 (Bottom) Curorr Capacities AT SEVERAL SPEEDS 


produce any more flow, as the pressure differential moving water 
to the impeller eye cannot be increased any more. This differ- 
ential is fixed by the suction pressure outside of the pump, and the 
vapor pressure across the whole channel between any two vanes 
at the impeller entrance. 

With high-specific-speed impellers, the channel between two 
vanes is wider and shorter, Fig. 7(b). It requires more drop in 
head and increase in capacity to extend the vapor-pressure zone 
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(Tenot, bibliography reference 19.) 
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across the entire channel. Therefore the drop in the head- 
capacity curve extends through a wider range before the sudden 
breakoff. occurs. With propeller pumps, the vanes do not 
overlap, Fig. 7(c). Therefore although the low-pressure zone 
extends when the pump head is reduced, there are always parts 
of the channel which remain at pressures higher than the vapor 
pressure, and the flow through the impeller will steadily increase 
even though cavitation has definitely set in. 

With low- and medium-specific-speed pumps, a reduction in 
capacity, instead of an increase, is frequently observed at reduced 
discharge pressure under cavitational conditions, Fig. 13. This 
is caused by a further increase of the low-pressure zone along the 
impeller channel, and the expansion of air in the vacuous pockets. 

In multistage pumps, cavitation affects only the first stage; 
therefore the drop in head capacity and efficiency is less pro- 
nounced than in a single-stage pump. The cutoff capacity is 
determined by the first stage. 

The drop in the head-capacity and the efficiency curves may 
begin before the vapor pressure is reached in certain parts of the 
impeller suction. This is caused by the liberation of air or light 


fractions in petroleum oils at reduced pressures in the impeller 
eye. The absolute pressure in the vacuous pockets is the sum of 
all the partial pressures of the gases occupying this space, in 
accordance with Dalton’s law of partial pressures. 

The drop in the head-capacity and the efficiency curves, due 
to liberation of free air in the water, is followed by a reduction 
in the bhp also. This method has been suggested (3) as a means 
to reduce the head and at the same time save power instead 
of throttling the pump discharge, as is done ordinarily. Fig. 10 
is a reproduction of test results by Siebrecht, showing the head- 
capacity, efficiency, and bhp curves of a pump with different 
volumes of air admitted to the pump. The author does not 
know of any case where this method was employed in actual in- 
stallations, but a modification of this method whereby the pump 
suction is throttled instead of the discharge to reduce the head, 
is frequently employed. 

At reduced suction pressures, air or gases begin to be liber- 
ated from the liquid, producing a lower head-capacity curve 
and lower bhp. However, this method is not recommended be- 
cause if suction-throttling is carried too far, cavitation will start 
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with all its bad effects, i.e., noise, pitting, and vibration. Fig. 
11 shows a test of a 5-in. pump with the suction and the discharge 
throttled. A comparison of the bhp curves, Fig. 11, shows the 
power saved by suction-throttling (4). 

On several occasions, it has been found by careful tests on 
centrifugal pumps and water turbines, that the efficiency may 
show a slight increase shortly before cavitation sets in, Fig. 13. 
This is explained by a reduction of friction at the beginning of 
separation, just before the disturbing water-hammering begins 
G, © 12; 2D), 

(c) Impeller-Vane Pitting and Corrosion-Fatigue Failure of 
Metals. If a pump is operated under cavitating conditions 
for a sufficient length of time, impeller-vane pitting appears, 
the amount of metal lost depending on the material in the 
impeller and the degree of cavitation. Foettinger (5) showed 
conclusively that vane pitting is caused solely by the mechanical 
(water-hammer) action of collapsing vapor bubbles, and that 
electrolytic and chemical action is entirely insignificant in this 
process. He proved this by producing cavitation in a Venturi 
made of neutral glass which was pitted in the same manner as 
the metal in a centrifugal-pump or water-turbine impeller 
vanes. If electrolytic or chemical reaction is active, it should 
affect all the parts of the same material and not only the spots 
subject to cavitational water hammer. 


oY Bat ee oe Pisa Nir ee ECA AP ee The fact that air or gases may be more active at the instant of 
liberation has been stated in the past. However, the places 
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Fie. 11 (Top) Curves ror 5-In. Sincie-Stace Pump; 1150 Rem 
Van Leer, bibliography reference 4.) 


(Power saving by throttling suction; 


Fie. 12 (Bottom) Suction Lirr Versus Raprau VELocITy 


Fic. 13 (Top) Curves ror 5-IN. Pump; 1770 Rem 


Fic. 14 (Bottom) Caviration Tests 
AT CONSTANT CAPACITY 
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where the vapor bubbles are formed. Another corroboration 
of the mechanical nature of the metal destruction has been 
shown by the damage of a lead plate without any loss of weight 
(6). 

By experience it has been found that, when the collapse of 
vapor bubbles takes place entirely surrounded by the stream of 
liquid, it is harmless (6). In addition to metal destruction due 
to the fatigue of the metal surface as a result of repeated water- 
hammer blows, Poulter (7) has shown that metal particles can be 
torn off and carried away by liquid penetrating into and escaping 
from the pores of the metal under successive pressure waves. 
In that case, more porous materials are most readily affected by 
such destruction. The degree of destruction depends on the 
time the specimen is under pressure or the time between two suc- 
cessive pressure waves. 

There seems to be no correlation between the hardness and 
cavitation erosion of metals, but apparently the molecular size 
and the viscosity of liquids play an important part in cavitation 
pitting. 

Cavitation pitting should be distinguished from “corrosion” 
and “‘erosion.”” The first is caused exclusively by chemical and 
electrolytic action of the pumped liquids; the second is the 
wearing away of the metal parts in a pump by foreign bodies 
carried by the pumped liquids, such as sand, grit, coke, and coal. 


_ There is no difficulty in distinguishing between these three kinds 


of pitting by the appearance of the attacked parts and their loca- 
tion in the water passages of the pump. 

Frequencies of hammering were recorded from 600 to 1000 
eycles per sec by Hunsaker and up to 2500 cycles per sec by 
de Haller (8). The intensity of hammering depends on the 
velocity. Pressures of 300 atm were measured by de Haller. 
Local pressures confined to very small areas (1.5 mm was the 
piston area of de Haller’s pressure-measuring device) may be con- 
siderably higher than those recorded. A satisfactory explana- 
tion of how such high pressures may arise in the case of cavitation 
has been lacking. 

In the light of Poulter’s investigation (7), it may appear pos- 
sible that high destructive pressures are derived from the elastic 
forces of metal parts extending over areas larger than those 
actually attacked by cavitation. These parts are under fluctuat- 
ing forces of great magnitude so great that often the whole 
foundation supporting the pump is set in vibration under cavita- 
tion conditions. Under fluctuating stresses, liquid is drawn in 
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and squeezed from the pores, and it is during this squeezing 
phase that tremendous pressures may be produced in small re- 
stricted areas. 

Similar mechanism can be applied as a partial explanation of 
what is known as “corrosion fatigue” of metals, or metal failure 
under repeated stresses in the presence of liquids. The ‘‘corro- 
sive” effect of water, as compared with oils in the case of “‘cor- 
rosion fatigue,’’ is due to the fact that water molecules are smaller 
than those of oil; therefore water penetration of metals would 
be deeper than that of oil; hence the destructive effect on the 
metal is greater where it is subjected to rapidly fluctuating 
stresses. This will explain the failure by ‘corrosion fatigue” of 
noncorrosive high-chromium steels in the presence of water. 
Another illustration and proof that the penetration of metals by 
liquid plays an important part in metal destruction by ‘‘corro- 
sion fatigue” is furnished by results of laboratory tests by McKay 
and Worthington (30). They have found that the endurance 
limit depends not only on the stress level and the total num- 
ber of cycles, but also on the frequency of stress reversals. 
For the same total number of cycles, the low frequency gives 
much lower endurance limit because more time is allowed for 
liquid penetration of metal with, consequently, higher destruc- 
tive pressures developed in the metal pores when the liquid is 
compressed on the stress reversal. 


MATERIALS TO Resist CAVITATION PITTING 


Different materials resist cavitation pitting to a different 
degree. In addition to the chemical composition, the heat-treat- 
ment of metals and also the surface conditions control the 
amount of material destroyed by cavitation. The behavior of 
metals under cavitation parallels that under “corrosion-fatigue”’ 
conditions. Any notches, nicks, scratches, flaws, or sharp cor- 
ners on the surface of metals attacked by cavitation accelerate the 
beginning of pitting. Protective coats do not improve the 
resistance of metals to cavitation pitting. 

H. Schroeter (10) has run tests on different materials under 
cavitation in a Venturi-shaped conduit built for the purpose. 
Table 1 gives results of his tests. A velocity of 197 fps was 
maintained throughout these tests. The accelerated rate of 
metal destruction can be seen by comparing the amount of 
metal lost after 15 hr and 44 hr of the same materials. Fig. 15 
also shows some materials tested by Schroeter. 

Hardening decreases the rate of metal destruction, although 
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Fig. 15 (Top) Loss or Mera Due To CavitaTION 
(H. Schroeter, bibliography reference 10.) 


Fie. 16 (Bottom) Loss or Merat sy Jet Drop-Impacr 
(de Haller, bibliography reference 8.) 


the hardness alone (for different materials) is not a determining 
factor in so far as resistance to cavitation is concerned. 

To prolong the life of runners of large Kaplan turbines work- 
ing under high heads, (over 50 ft), the turbine manufacturers 
protect with welded stainless steel the places subject to cavita- 
tion pitting (11). Propeller pumps of the same type are not 
built in sizes justifying such procedure, nor are they operated at 
such high heads. ; 

Although covering the surface of metals with rubber helps to 
resist the impact of water-hammering very well, its bond to the 
metal fails after a short time. No practical method of rubber 
protection of metals against cavitation has yet been developed. 
Tests with rubber again corroborate the mechanical nature of 
cavitation destruction of materials (10). 

Schroeter’s tests have definitely established the fact that the 
beginning of cavitation and its extent depends on the veloc- 
ity of the flow. This must be expected as all the destructive 
blows by water hammer derive their energy from the kinetic en- 
ergy of the flow. 

P. de Haller (8) has found that there is an analogy between the 
behavior of various metals during tests with direct drop-impact 
and cavitation. In both cases the metal destruction is caused by 
water-hammering. Although the mechanism of water blows 
against metals is different, their result is quite similar. In a 
special apparatus resembling a steam-turbine wheel, de Haller 
ran erosion tests on a number of materials, and his results, re- 
produced in Fig. 16, are in agreement with those by Schroeter. 
De Haller’s method of testing materials for cavitation resistance 
requires only a short time to produce cavitation pitting. 
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Kerr (31) has tested 80 materials for cavitation in sea water 
in a special vibratory apparatus developed by the Massachusetts 
Institute of Technology. These tests show that cavitation dam- 
age with sea water was slightly greater than with fresh water. 
It has been found also that temperature of water has a marked ef- 
fect on the metal loss by cavitation, the loss increasing with 
temperature. At higher temperatures the amount of air dis- 
solved in water is reduced, thus reducing the cushioning effect of 
water-hammer blows, at the same time the increased vapor 
pressure tends to increase the vapor bubble formation. 

Mousson (82) has found that loss of metal by cavitation is 
approximately proportional to vapor pressure. He also demon- 
strated the beneficial effect of admission of small amounts of air 
on the metal damage by cavitation. Mousson and Kerr give 
extensive test data which is useful in selection of materials when 
cavitation is expected. 


ExampLies oF Mprau ATTACK BY CAVITATION 


In pumps of normal design, the lowest pressure occurs on the 
back side of the impeller vane slightly beyond the suction edge. 
The cavitation pitting appears somewhat farther upstream 
where the vapor bubbles collapse, Figs. 8(a), 9(a), 9(b). How- 
ever, if the pump is operating continuously at a capacity con- 
siderably higher than normal, the pitting may appear on the 
front side of the vane at the suction-vane tips, Fig. 6(a). Cavi- 
tation in this case accompanies separation resulting from a bad 
angle of attack. ; 

Fig. 8(6) shows vane and shroud pitting near the outer shroud, 
due to lack of streamlining. 

Fig. 8(a) shows vane pitting at the impeller discharge caused 
by the vane’s blunt discharge tips. 

Fig. 8(c) shows a “marginal” cavitation observed on propeller 
pumps and also on centrifugal pumps with open impellers. Local 
high velocity through the clearance, and separation due to a 
sudden change in direction produce the “marginal” cavitation 
and pitting. Rounding off of the high-pressure side corners of 
vanes eliminates the marginal pitting at the expense of increased 
leakage through the clearance (12). 

Fig. 9(a) shows pitting of the volute casing of a propeller pump 
caused by lack of streamlining. 

Fig. 9(6) shows a diffusion-casing vane pitting due to a dis- 
crepancy between angles of incoming flow and diffusion vane. 

Fig. 9(c) shows pitting of the tongue of a volute casing ob- 
served when a pump is operated continuously at capacities above 
the normal. 

Fig. 9(d) is an example of pitting of the baffle in the suction 
nozzle, permitting excessive prerotation of the flow befere it 
enters the impeller eye. 

In general, sudden change in direction, a sudden increase in 
area, and lack of streamlining are responsible for local pitting 
of pump parts. This may appear only if the suction pressure is 
reduced below a certain minimum. On the other hand, pitting 
of pump parts on the discharge side of the pump has been ob- 
served when the pump pressure is not high enough to suppress 
cavitation. 


THEORETICAL RELATIONSHIP AT CAVITATION CONDITIONS 


The flow to the impeller of a centrifugal pump is produced by 
the existing pressure difference between the suction pressure and 
the pressure established by the flow at the impeller eye. The 
latter is not uniform at any section of the impeller passages, and 
even determination of the average pressure inside the impeller 
presents difficulties. For that reason, the theoretical relation- 
ship for the flow through the impeller eye, while easy to estab- 


,lish, does not give a reliable tool for an accurate predetermina- 


tion of cavitation conditions. An examination of the theoretical 
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formulas for the flow through the impeller eye, however, enables 
one to learn the effect of several factors upon cavitation. A 
study of theoretical relationship has also resulted in the intro- 
duction of simplified formulas incorporating experimental co- 
efficients which permit prediction of a pump’s behavior as to 
cavitation if experimental data are available on similar pumps. 

Let H, be the absolute pressure prevailing at the suriace of 
the pump-suction supply This will be atmospheric pressure 
if the suction vessel is open to the atmosphere. If the suction is 
taken from an enclosed vessel, H, is the absolute pressure in this 
vessel. 


SS 
ll 


static head in suction vessel above pump center line. 
If it is suction lift, it is negative 

h, = vapor pressure at prevailing water temperature 

hy, = head loss in the suction pipe and impeller approach 

c; = average absolute velocity through impeller eye (Fig. 6) 


local pressure drop below average at point of cavitation. 


Here w is average relative velocity at entrance, and 
is an experimental coefficient 


This Jocal pressure drop is caused by the difference in pres- 
sure on the leading and trailing sides of the vane. When pres- 
sure is applied by the vane on water, the water exerts an equal 
reaction in the opposite direction, which exists as a pressure dif- 
ference on the two faces of vanes. This is frequently referred to 
as a “dynamic depression.”’ 

Fig. 19 shows a typical pressure distribution inside an impeller 
channel obtained by Uchimaru (28) under actual operating condi- 
tions. 

Evidently cavitation starts when 


wy? 
Fite ie hi, La sero, Sane Wicker (1] 
When liquid in the suction vessel is boiling, the pressure in the 
vessel H, is equal to the vapor pressure or H, = h, and Equation 
{1] becomes 
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Fie. 17 (Top) Caviration Conrricient \ 
(Krisam, bibliography reference 13.) 
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meaning that a positive suction head h, is necessary to produce 
the flow. To prevent vaporization, an excess of suction head is 
necessary above h,. 

Equation [1] is not suitable for determining the maximum 
permissible suction lift for a given pump capacity (c¢, and w,), 
because the true value of maximum ¢ is not known, and also be- 
cause the value of \ varies for pumps of different specifie speed. 
Even for a given pump at constant speed, \ varies with capacity, 
being a minimum near the best-efficiency point and increasing 
on both sides of this point. Fig. 17 shows a typical curve of \ 
variation obtained by Fritz Krisam (13). Similar curves were 
published by von Widdern (14). The increase of \ on both sides 
of the best-efficiency point shows the effect of the “angle of at- 
tack’’ Fig. 6(a), between the direction of relative velocity and the 
vane angle at the impeller entrance. 


Facrors AFFECTING CAVITATION 


A study of Equation [1] permits making a number of conclu- 
sions which hold in practice, for at cavitation conditions, a change 
in one term of the equation is always followed by a change in 
another to satisfy the relationship, thus: 

(a) If atmospheric pressure is decreased due to an increased 
elevation (about 1 ft per 1000 ft of elevation), the pump maximum 
capacity will decrease (c; and w; will decrease). 

(b) If suction lift is increased (—h greater), or vapor pres- 
sure rises due to higher temperature of water, pump maxi- 
mum capacity will decrease. 

(c) Higher suction lifts may be possible with low velocities 
(c, and w,) or with a minimum loss h; in the suction pipe. 

(d) Note that H, expressed in feet of liquid depends on the 
specific gravity of the liquid. Thus when pumping molten 
salt, (used as a heating medium in the petroleum-refinery proc- 
ess), of specific gravity of 1.75, and the suction vessel under at- 
mospheric pressure, H, = 19.4 ft. Therefore, the danger of 
cavitation is much greater with heavier liquids (15). Vapor 
pressure should not be overlooked with liquids different than 
water. 

(e) For given average velocities; c: and uw, the approach of 
cavitation is affected by the casing and impeller design as they 
affect the velocity distribution. Thus pump-suction design 
permitting more prerotation in the impeller eye will lower the 
maximum capacity for a fixed suction pressure. Any lack of 
streamlining in the suction passages of the pump and impellers 
results in the formation of dead water pockets (separation), 
increasing local velocities beyond the average or those obtained 
from the velocity triangle. 

(f) With pumps of high specific speed of the straight-propeller 
type, the beginning of cavitation is indicated by a gradual drop of 
pump efficiency without any sudden drop in head capacity. In 
this case a further reduction in the suction pressure extends to 
the region affected by cavitation, and Equation [1] does not ap- 
ply, as the vapor pressure is reached locally only; the impeller 
vanes do not form an entirely enclosed channel, and Bernoulli’s 
equation (Equation [1]) cannot be used. 

(g) The presence of gases in the liquid does not affect the 
validity of Equation [1], except that, according to Dalton’s law 
of partial pressures, the vapor will behave as if it occupied the 
voids alone, and vaporization will begin at absolute pressure 
higher than its normal boiling point corresponding to the existing 
temperature. Petroleum oils represent the most complicated 
example of that. Being a mixture of different individual hy- 
drocarbons, each having its own vapor pressure, light fractions 
will vaporize at pressures far above their normal boiling points, 
but the vaporization will affect only a small portion of the total 
flowing volume. As a result, the drop in the Q-H curve is more 
gradual with oils than with water, and the mechanical disturb- 
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ance is not so violent. The fact that vaporization and condensa- 
tion during cavitation require a heat exchange, tends to slow 
down the bubble formation in oils, as compared with water on 
account of the lower heat conductivity of oil. 

(h) When studying cavitation, the suction pressure should be 
specified or measured at the pump-suction nozzle. In this way 
the loss in the suction pipe and the entrance loss are eliminated. 
The loss in the suction nozzle is negligibly small due to a low 
velocity, short distance, and accelerated flow in a normal nozzle 


design. 
2 
(<) In small pumps of low specific speed, the term = is pre- 


2 
dominant in setting up cavitation conditions, and the term \ = 

g 
In high-specific-speed pumps, approach- 
rs wi? , ; 
ing propeller-pump type, the term » o is the controlling factor, 
g 


is of little significance. 
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= is of secondary importance. Term d e depends on the 
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pump head (and hence speed) and number of impeller vanes, 
decreasing with smaller head or speed and greater number of 
vanes. 

With low-specific-speed pumps, the maximum capacity for a 
given suction head can be increased by cutting away part of the 
vanes in the impeller eye and filing the vane tips, thus increas- 
ing the available area for c;. With propeller pumps, increasing 
the number of vanes will improve the cavitation conditions of the 
pump, Fig. 18, for a given submergence, permitting higher head 
without noise or drop in efficiency. 

(j) With low-specific-speed pumps, the maximum absolute 
velocity c,; may be reached either at the impeller eye (section 
A-B, Fig. 12), or at the vane entrance. The actual effective area 
of both sections is greatly affected by the impeller-approach de- 
sign. When studying the cavitation test data, both sections 
should be investigated. 


PREDETERMINATION OF CAVITATION CONDITIONS From VELOCITY 
CoNSIDERATIONS 
. 


From a great number of observations on pumps of low and 
medium specific speeds (up to 1500), the author has found that 
for cold water, 70 F, Equation [1] can be simplified to 


Where c. is the meridional velocity through the impeller eye 
at cutoff capacity (plane A-B, Fig. 12) at suction lift A, taken at 
the suction nozzle and referred to the pump-shaft center line. 
The same relationship is represented by a curve in Fig. 12. 

A similar curve was plotted for meridional velocities at the 
vane entrance tips and is shown in Fig. 12. This curve can be 
expressed by an equation 
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Fig. 12 also shows a curve given by Defeld in his book on 
centrifugal pumps (16). Velocities shown by this curve have 
been greatly exceeded in modern pumps. 

Comparing Equations [2] and [3] with Equation [1], the fol- 
lowing remarks can be made: 

(a) The difference between the atmospheric pressure H, = 34 
and 30 in Equations [2] and [3], or 4 ft, includes 0.85 ft vapor 
pressure at 70 F water temperature; the loss of head (h;) in the 
suction nozzle; local drop in pressure due to uneven velocity 
distribution in the impeller approach, and a small margin of 
safety. 
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(6) The right-hand term in Equation [2] can be expanded as 
follows 


2 2 
ee) eee ee 
29 29 2g 29 


wr? ea] 1 ve r | m 
(sin a)? ° (sin i)? ell 


Where a is the absolute velocity angle and £; the vane angle at 
entrance, Fig.6. Similarly in Equation [3], the right-hand terms 
- ean be represented as follows 
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Term 6 is a contraction coefficient to account for the vane 
thickness, as this has been disregarded when c;, was calculated. 
(c) Since curves in Fig. 12 were plotted for low-specific-speed 


2 
pumps where the term \ es is of secondary importance, the cutoff 
capacity is determined by the impeller-eye velocity c, or cw 
and is independent of the impeller diameter or pump speed as 
long as the cutoff capacity occurs at or near the best-efficiency 
point, as is shown on Figs. 1 and 2. Similar tests were published 
» by von Widdern (14). Within the specified range for a fixed suc- 
tion head, the cutoff capacity is independent of the specific 


speed and is governed by the absolute velocity through the im- 
w 2 

peller eye. The term X = is either small or else varies little 
g 


w 2 
with the specific speed, and the term ze bears an approximately 
g 


constant ratio to the c,?/2g, thus leaving the experimental nu- 
merical constant in the right-hand terms of Equations [2] and 
(3] essentially constant. 

With pumps of medium and high specific speed, (1500 to 
4000), the cutoff capacity will increase somewhat with the speed 
if the cutoff takes place to the right of the best-efficiency point. 
The cutoff capacity will decrease at higher speeds if cutoff 
takes place at capacities smaller than normal, Fig. 4. The rea- 


w2 
son for this is the variation of the coefficient \ in the term \ 57 
g 


Fig. 17 shows that is a minimum near the best-efficiency point. 
When the cutoff takes place at capacities over the normal, 
the best-efficiency point moves nearer to the cutoff capacity at a 


WwW. 2 
higher speed where ) is smaller, and thus \ ef is smaller, hence 
g 
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x or pump capacity will increase. At partial capacities, the 
g 


peak efficiency moves away from the cutoff capacity at higher 
speeds, while ) is increasing and the cutoff capacity is decreasing, 

Looking at the same phenomena from a different point of view, 
it will be noticed that where the cutoff capacity is nearer -the 
peak efficiency at higher speed, the angle of attack of the incom- 
ing flow at the impeller entrance is smaller, the extent of separa- 
tion is reduced at the vane tips, and the effective area available 
for the flow is increased. Thus at the same suction pressure, 
a higher capacity is.possible at a higher speed. When the cutoff 
takes place at partial capacity and the best-efficiency point is 
moving further at a higher speed, the angle of attack is increasing, 
separation is more pronounced, the effective area is reduced, and 
the cutoff capacity is lower at a higher speed in this case. 

Since the best angle of attack may not coincide with the point 
of best efficiency, the effect of the angle of attack on the maxi- 
mum capacity at several speeds may not be apparent if the 
cutoff capacity is not sufficiently removed from the best-ef- 
ficiency point. 
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TxHoma’s CAVITATION CONSTANT 


The experimental relationship between the impeller-eye veloc- 
ity at cutoff capacity and the suction pressure gives a satisfac- 
tory means for predicting cavitation for low-specific-speed pumps. 

For higher-specific-speed pumps this connection becomes in- 
accurate, and besides with high-specific-speed pumps, the drop in 
efficiency may appear much sooner than the pump-capacity cut- 
off. There is no simple way to predict beginning of cavitation 
in high-specific-speed pumps. 

D. Thoma, of Munich, has suggested (17) that the dynamic 
depression, including the velocity head at the impeller eye, can 
be expressed as a fraction of the total head, or 


The coefficient « is determined experimentally. Substituting 
for the dynamic depression its value in terms of o and H, Equa- 
tion [1] takes the form 


Ye hee a (Vio sk Eire oi, a i et eee (7] 
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H, +h, —h, 
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The use of the cavitation coefficient « became quite general 
among the water-turbine designers and is coming into wide use 
by the centrifugal-pump builders. When applied to pumps, 
the numerator in the expression for Equation [8] represents the 
absolute pressure at the pump-suction nozzle referred to the 
pump-shaft center line or to the impeller central plane in a 
vertical pump. . 

At about the same time as Thoma, Moody and Rogers (18) 
offered a cavitation coefficient for hydraulic turbines which is de- 
fined as follows 
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where H, is the the draft-tube efficiency. The disadvantage of 
the Moody coefficient is that it excludes from the absolute pres- 
sure at the impeller eye the velocity head at the eye, thus con- 
fining the cavitation constant to a definite design of the impeller. 
The true value of the absolute velocity at the impeller eye is dif- 
ficult to determine as the direction of this velocity is never cer- 
tain. Thoma’s cavitation coefficient, on the other hand, can be 
applied to the pumping plant without any reference to the pump 
or turbine design. The pump or turbine is designed to meet the 
plant’s « with some degree of safety. Thoma’s cavitation con- 
stant is generally adopted by the industry; Moody’s coefficient 
is more of academic interest. 

The use of the cavitation constant o is subject to a number of 
considerations as follows: 

(a) For the same pump at different speeds or similar pumps 
operated at the corresponding points (the same specific speed), 
all velocities vary as \/H, and hence 


= t [10] 
== CONS Bc) oa anos eel 
po REE 
This presupposes that \ in Equation [5] stays constant. This 
relationship is the basis of all model testing for cavitation. Ifo 


is determined by test for a certain design, Equation [8] or Equa- 
tion [10] can be used to determine the required suction head for a 
given pump total head. 
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(b) Equation [10] holds only at conditions approaching 
cavitation while the affinity laws still hold. When cavitation 
sets in, the laws of similarity are not fulfilled and the relationship, 
o« = const, expressing similarity of conditions as to cavitation be- 
comes approximate only. 

(c) Tenot (19) gives the following relationship for the similar- 
ity as to cavitation when this has progressed beyond the incipient 
stage 


where o, is the critical sigma, coefficient which is constant for both 
model and prototype 


Fors, iol 102 


Ah 
a = ai is sigma for the model 
1 


—— = is sigma for the prototype 
2 

Terms H, and H2 are the operating heads of the model and proto- 
type, respectively. Tenot has demonstrated the validity of this 
relationship by high-speed (1/1,000,000 sec) photography of a 
small propeller pump, operated at several speeds with different 
suction heads. 

Equation [11] can be transformed as follows 

Multiply both sides by Hz Ay 


OL a Cer i 02 — Gc2 
Hye EE, 
(8; — oe) A, a, (o2 — ace) Ay 
Ahi — Aline" Alia a Alico ee reer iter [12] 


Equation [12] shows that for cavitation similarity in two 
pumps, the absolute pressure at the points of minimum pressure 
in the impellers is equally removed from the critical pressures 
(vapor pressure) existing at the incipient cavitation conditions. 
This means that if two pumps operate at different heads, H, ¥ 
H, but the suction pressures are such that o; = o2, the pump 
with the higher head will have cavitation developed to a smaller 
degree than that prevailing in the low-head pump. 

If both model and prototype are tested at the same head A, 
= He, then 


Ci Oe 1 
02—_ Ge 
Ol t= 02 


and, evidently, if Equation [11] holds and M; ¥ Ho, «1 ¥ on. 

(d) It has been pointed out already that it is difficult to de- 
tect the incipient cavitation, and any o, determined as a sigma 
for the critical cavitation conditions really may represent the 
state of cavitation progressed sufficiently to be measured by the 
available testing equipment. Therefore the relationships dis- 
cussed under (c) are of particular importance. 

Again, with wider use of high-specific-speed water turbines 
and pumps, frequently it becomes uneconomical to provide 
sufficient submergence to suppress cavitation completely under 
all operating conditions; therefore unless the heads are repro- 
duced in the model testing the conditions o; = go» will only ap- 
proximately represent the cavitation similarity. In water-tur- 
bine practice, when it is impossible to provide a proper sub- 
mergence due to high cost of excavation, the runner vanes are 
protected with stainless steel in the places subject to cavitation 
pitting (20). 


TRANSACTIONS OF THE A.S8.M.E. 


OCTOBER, 1945 


, 


(e) To make the discussion of cavitation more definite, the 
criterion of incipient cavitation should be stated, i.e., whether 
it is breaking off of the head-capacity curve, drop in efficiency, 
noise and vibration, or the pitting of the impeller vane. The 
drop in efficiency is more general as it applies to pumps, ir- 
respective of the specific speed, and may be found while other 
signs of cavitation are not yet apparent. Depending on the 
testing facilities and requirements, a drop of 1 per cent or even 
just a fraction of a point in the efficiency may be taken to indicate 
that cavitation has already set in. 

During cavitation tests, ¢ variation is obtained either by 
changing the suction pressure (mostly by throttling), or by 
changing the pump speed and, hence the head at the same static 
suction pressure. 

While the first method is simpler to arrange, better results are 
obtained with the variable-head tests. For laboratory testing, 
a special testing equipment has been used to a limited extent. 
With this method the pump suction is taken from a vessel which 
can be kept under different pressures. With a variable-speed 
drive, this procedure is ideal for accurate o determination. 

Although the same o value may be obtained with either 
low head and low suction pressure (high suction lift), or with high 
head and correspondingly higher suction head (larger pump or 
higher speed), the physical aspect of the phenomenon as far as 
cavitation is concerned is not exactly the same. In the first 
case, the whole suction pipe is under suction lift, and with low 
velocities, ample time may be available for air or gases to liber- 
ate and accumulate in quantities sufficient to impair the pump 
efficiency and reduce the head capacity before actual formation 
of vapor bubbles starts. In the second case the pressure drop is 
mostly dynamic and is limited to a small part of the impeller 
passages. Besides, with high velocities through the impeller, 
the time required for the water particles to cross the low-pressure 
zone is shorter, and, since in all thermodynamic changes time 
is an essential factor, the relative volume of vaporization and 
its effect on the pump performance is smaller for high-head 
pumps (14). 

Even for two similar pumps of different sizes operating at the 
same head and the same o value (which in this case means the 
same suction pressure), the extent of cavitation is not in propor- 
tion to the pump size, and the bad effects of cavitation will be 
less pronounced in the large unit. 

The water-turbine experience, where model testing is more 
frequently resorted to than in the pump industry, tends to indi- 
cate the truthfulness of the foregoing deductions. F. H. Rogers 
suggested (21) that “although cavitation starts at the same 
value of o for both model and prototype, the vapor-filled cavities 
are physically about the same dimensions, if the heads are the 
same, and hence the entire flow pattern through the large runner 
is affected to a lesser degree than in the case of the small model.” 

Although the velocities at similar points in the impellers are 
the-same in both pumps under such conditions, the effect of the 
curvature of the impeller profile or suction approach on 
the velocity distribution (the maximum local velocity) is not the 
same in the small model and large prototype. The centrifugal 
forces, which are instrumental in the distortion of the velocity dis- 
tribution along the curved path, are inversely proportional to the 
radius of curvature; therefore negotiating the curves through 
the impeller eye and suction approach in a large pump results in 
lower maximum local velocities, as compared with the average, 
than in a small model. 

(f) There are several ways to represent graphically the results 
of cavitation tests. In one of them o is determined for several 
points on the head-capacity curve and plotted versus specific 
speed of the same points. Fig. 20 shows curves for two pumps 
plotted on this basis. These curves give complete cavitation 
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characteristics of the pump, irrespective of size and speed. 

In another method, efficiency or head is plotted against sigma 
or suction head, at a constant speed and capacity, the drop in 
efficiency and head curves indicating the beginning of cavita- 
tion, Fig. 14. These curves give cavitation information for one 
point on the head-capacity curve, and this method is used mostly 
for model testing when head-capacity conditions are fixed and 
safe suction head is determined from model testing. 

In water-turbine practice, unit capacity and power are plotted 
versus sigma. These curves give complete cavitation char- 
acteristics for various loads and are independent of head, speed, 
or size of the unit. 

The general trend of sigma variation for the best-efficiency 
points of pumps of different specific speeds is shown in Fig. 21 
and is discussed further under item (7) in this section. 

When the plant pumping capacity, head, and suction head are 
given, the plant o is fixed. By selecting the proper pump speed, 
pumps of different specific speed may be used to meet the plant 
requirements with a desired degree of safety against cavitation. 
Frequently, the speed is also fixed by the specifications. In that 
case, the specific speed of the plant is fixed. Only a slight varia- 
tion in pump design is possible in such a case by placing the 
operating point to the right or left of the best-efficiency point. 
‘The rated normal specific speed of the pump at the best-efficiency 
point will be different from the plant specific speed, but special 
designs may be resorted to to obtain the desired degree of safety 


against cavitation. With pumps of high specific speed, where 
wi? E : : 
the dynamic depression \ = plays an important part in setting 
g 
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up cavitation conditions, the number of impeller vanes is an 
effective means of reducing the critical sigma value without 
changing the specific speed materially, Fig. 18. 

(g) The wide variation of « within the useful range of head 
capacities is caused partly by the variation of the numerator, 
representing the dynamic depression, and partly by the varia- 
tion in the head. In hydraulic turbines where o has been intro- 
duced first, the head is essentially constant. When the load 
on the turbine varies, the variation in o is determined entirely 
by the pressure conditions at the impeller eye. Thoma (23) 
suggested using the normal head at the best-efficiency point for all 
points on the head-capacity curve when calculating o for centrif- 
ugal pumps. However, this method has found only limited use 
in the pump industry. 

(h) W.M. White (24) has suggested the use of another fac- 
tor, ‘lamda,’’ in addition to sigma. This is defined as 


2 
ONC SNF LG OM ES a ee (13] 
29 


It will be noted that this is nothing else but the numerator from 
the expression of Moody’s cavitation factor K,, Equation [9], 
and represents the dynamic depression resulting from the power 
transmitted by the vanes. It has been pointed out already 
that the dynamic depression is a predominant factor with the 
high-specific-speed pumps and varies for different types of pumps 
along the head-capacity cufve. For low-specific-speed pumps, 
the dynamic depression varies little, therefore \, as given by 
Equation [13], will be independent of the head or specific speed. 
In this case the cavitation conditions can be predicted from the 
velocity considerations, and the relationships, given in Fig. 12, 
may be used. 

(2) From theoretical considerations, it is possible to estab- 
lish a relationship between the o factor and specific speed for best- 
efficiency points (14, 25) 
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The general trend of o variation as function of specific speed as 
found by actually plotting experimental results agrees very well 
with Equation [14], as is evidenced, for instance, by the curve 
published by Wislicenus, Watson, and Karassik, reproduced in 
Fig. 21, which follows exactly this equation. The scatter of the 
points about an average curve on the original Wislicenus curve 
is to be expected, as points were obtained with pumps of differ- 
ent design and were not necessarily located at best-efficiency 
points. For a series of pumps of consistent design, a continuous 
curve of o values versus specific speed should be obtained, as all 
design factors governing cavitation (eye area, number of vanes, 
etc.) are continuous functions of specific speed. The sigma 
curve in Fig. 21 can be expressed by the following equations 


6.3n,'/* : 
c= Ti 0. og eee {15] 
for single-suction pumps and 
4n,/ 2 
me pie tes ere eae [16] 


for double-suction pumps. 

Fig. 21 also shows sigma values obtained from the Hydraulic 
Institute charts of the upper limits of specific speeds for double- 
suction and single-suction pumps. This chart gives a belt of 
sigma values for several specific speeds rather than a single 
curve, higher values of sigma applying to lower-head pumps. 
Such arrangement resulted from the superimposition of per- 
formances of pumps of different makes. 
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(j) Attempts have been made to introduce another cavita- 


tion criterion in addition to the generally accepted sigma. It is 
called “‘suction specific speed” (26, 27), and is defined as 
Rpm+v/ gpm 
ike SERB Sah Oo TEM 117] 


The development of Equation [17] is based on the use of 
similarity relations (affinity laws), at conditions approaching 
cavitation and do not establish any new relationship between the 
variables entering into this expression which cannot be deter- 
mined from the affinity laws or sigma consideration. There is a 


fixed connection between the factor S, sigma, and specific speed 


Substituting into Equation [18] values of o from Equations 
[15] and [16] it is found that 


S = 7900 = const for single-stage pumps............. ', (19] 
S = 11.200 = const for double-suction pumps............ (20] 
Ah 
Expressing o as 7 and n, = avG 


i 
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Equations [15] and [16] can be transformed to 


; 5 6.3 
Ah = (rpm)‘/? Q’/* x os [21] 
and 
Ah = (rpm)‘/2 Q’/2 x a el [22] 
108 


respectively. Note that head H does not appear in Equations 
(21] and [22], thus indicating that the net positive suction head is 
independent of the head. 

However, this does not mean that the impeller diameter can 
be cut or extended arbitrarily to obtain any desired head, and 
expect the relationships, Equations [21] and [22], will hold. 
For a given head, these equations fix the specific speed and o 
values as they appear on curve Fig. 21. This curve applies to 
pumps of normal design. Evidently if different-specific-speed 
impellers are obtained by impeller-diameter variation only, the 
design will not be normal. 

(k) When using a model for testing performance and cavita- 
tion conditions, the similarity of the model and the prototype 
should be extended to the suction approach to the impeller and 
the discharge piping. While this has been fully realized by 
water-turbine manufacturers, the pump-testing laboratories 
overlook or underestimate the effects of the suction or discharge 
piping on the pump performance and behavior as to cavitation. 

(J) When applying cavitation data obtained on a small 
model to the prototype, the suction pressures are usually referred 
to the impeller-pump center line. However, the points of a 
minimum pressure may be above this plane of reference, and 
this distance may be considerably greater on the prototype pump 
than on the model. Under critical conditions, cavitation may be 
set up in the larger unit while the model is still free from cavita- 
tion. 


Means To AVOID OR REDUCE CAVITATION 


(a) A knowledge of the cavitation characteristics of pumps 
is the most important prerequisite of any cavitation-problem 
study. 

(b) Second in importance is the knowledge of existing suc- 
tion conditions of the plant at the time when the pump selection 
is made. 

(c) An increase of suction-pipe size, reduction of suction- 
pipe length, elimination of turns, providing a good suction bell, 
in other words, reduction of losses in the suction pipe, improves 
the suction conditions of a pump in so far as cavitation is con- 
cerned. 

(d) An increase in the number of vanes in high-specific-speed 
pumps, or the removal of parts of the vanes and opening the 
passages in the impeller eye of low-specific-speed pumps will re- 
duce the minimum suction head to meet fixed head-capacity 
conditions. 

(e) An ample suction-approach area without excessive pre- 
rotation, a better streamlining of impeller approach, are essen- 
tial to obtain optimum cavitation characteristics of a pump. 

(f) Special materials may be used to reduce the pitting of 
pump parts due ta cavitation, when justified, or if it is impos- 
sible to eliminate cavitation by any other means. 

(g) The noise and vibration caused by cavitation can be re- 
duced or eliminated by the admission of a small amount of air 
to the pump suction. 

(h) The impeller velocities, impeller-vane load, and head per 
stage should be low for minimum suction head. All of these 
factors lead to a bigger pump operated at a low speed, and pos- 
sibly locating the operating point to the left of the best-efficiency 
point. 
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CONCLUSIONS 


1 The mechanical nature of cavitation pitting has been es- 
tablished conclusively. Electrolytic and chemical action are of 
secondary importance or negligible. 

2 The suction conditions of the plant should be definitely 
known when pump selection is made, to avoid cavitation; also, 
the cavitation characteristics of the pump should be available. 

3 The drop in efficiency is the most reliable criterion for de- 
tection of cavitation. 

4 Cavitation conditions can be predicted for low-specific- 
speed pumps from the consideration of the velocity through the 
impeller eye, Fig. 12. For normal design of pumps, sigma can 
be taken from curve Fig. 21, for any specific speed as an approxi- 
mation. 4 

5 The law of similarity for cavitation model testing (¢ = 
const) holds only for conditions approaching cavitation. When 
cavitation has progressed to some degree, this relationship is ap- 
proximate only. 

6 The harm caused by cavitation is less pronounced in a 
large pump than in a small model for the same value of sigma. 

7 The presence of gases in liquids does not affect the behavior 
of pumps as to cavitation, except that vaporization starts at a 
higher absolute pressure, due to the law of partial pressures. 
Drop in head capacity may appear earlier on account of libera- 
tion of gases of reduced pressure, and the water-hammer ef- 
fect of collapsing vapor bubbles is cushioned. 

8 The life of pump parts can be increased considerably, Figs. 
15, 16, by using special materials. 

9 Penetration of metals by water under repeated stresses 
furnishes a logical explanation for the origin of local destructive 
high pressures found during cavitation, and also in the cases of 
metal failure by fatigue in presence of liquids. 

10 Variation of sigma values with specific speed for normal 
design of pumps can be represented by the equations 


6.3 n,/? : 
o = ——— for single-suction pumps 
108 
and 
4n//* ‘ 
¢= roe! for double-suction pumps 


Although these relationships have been established experi- 
mentally, they have logical theoretical justification. 
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Testing of Precision-Lathe Spindles 


By G. M. EOLEY,! COLUMBUS, OHIO 


During the war the aircraft industry has demanded the 
mass production of parts to tolerances previously possible 
only from the most highly skilled workmanship. In the 
case of small parts, the tolerances, stated in absolute units, 
are of the smallest order. This situation led the Bunting 
Brass and Bronze Company, producer of small bushings, to 
sponsor research on the design and performance of small 
precision-lathe spindles, in order that improvements 
might be made which would result in the production of 
parts to closer tolerances than had previously been 
achieved. This paper describes the development and oper- 
ation of spindle-testing equipment capable of measuring 
continuously and at any speed changes in the position 
of the spindle axis relative to the quill as small as one 
microinch. 


HE large demand of the aircraft industry for precision 

parts at the beginning of the war-production, period neces- 

sitated mass production to tolerances which were formerly 
met only with the most highly skilled workmanship. 

The smallest tolerances, stated in absolute units, are demanded 
of small parts. The Bunting Brass and Bronze Company, a pro- 
ducer of small bushings, therefore sponsored research on the per- 
formance and design of small precision-lathe spindles, mainly 
with the object of improving the spindle to the point where it 
would be suitable for production of parts to closer tolerances 
than have yet been required. 

It was immediately apparent that no means existed for meas- 
uring the performance of a lathe spindle apart from the machine, 
and the only test for performance that was in use was the ex- 
amination and measurement of parts made using the spindle in 
the lathe or boring mill. It is obvious that the size and shape 
of such a part may be affected by many factors outside the spindle, 
yet the source of errors must be known before steps can be taken 
to remedy them. 


InaccurAcies PropucED By Poor SPINDLE PERFORMANCE 


Inaccuracies in the work produced in a lathe originate from 
“Telative’’? motion between the spindle axis and the work. In- 
struments which measure vibration ot the work or the machine 
give little information about the spindle, since it is possible 
that the machine may vibrate as a whole without bad effect 
on the work, or the source of harmful vibration may not be the 
spindle. 

The spindles tested were to bore smooth round holes or to 
turn round parts on lathes or boring mills. The quality of such 
work can be specified in the following terms: 


1 Size; inside or outside diameter. 

2 Roundness; the approximation obtained to a true cylinder. 

3 Straightness; freedom from taper, or the maintenance of 
required taper. 

4 Location of hole or boss. 

5 Smoothness of machined surface. 


1 Physics Department, Battelle Memorial Institute. 

Contributed by the Production Engineering Division of THr 
AMERICAN SOCIETY OF MECHANICAL ENGINEERS and presented at a 
meeting of the Chicago Section, April 19, 1945. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


The role of the spindle in determining these qualities is as fol- 
lows: 

1 If the spindle does not rotate always about the same axis 
there will be a variation in size from place to place on the work. 

2 If the axis of rotation varies, but in the same or nearly the 
same pattern upon each revolution, the work will be out of round. 

3 If the spindle rotates first about one axis and then gradually 
shifts to rotation about another axis, the work will be tapered. 

4 If the spindle axis shifts with each new cut, the position of 
holes bored in a boring mill will vary, or the size of parts turned 
on a lathe will change. 

5 If the spindle axis shifts rapidly and vibrates under cutting 
loads or from other causes, such as inherent roughness in the 
spindle, the surface cut will be rough. If the spindle axis shifts 
noncyclically during the revolution, the surface will also be rough. 


The last item is ever-increasing in importance because of the 
smooth surfaces required on machined parts. 


SPINDLE-TESTING EQUIPMENT 


The testing method adopted was to set up a machine in which 
the position of the spindle relative to its quill could be measured 
instantaneously and continuously with a maximum sensitivity 
better than 1 microinch. 


Fie. 1 


SpINDLE-Trstinc APPARATUS 


Spindle Support and Drive. The spindle-testing machine is 
shown in Fig. 1. The spindle itself is lapped into the cradle 
shown and is held down by straps pulled up by coil springs. The 
-spindle is driven by a 2-hp induction motor through a variable- 
speed drive (neither of which is visible in the illustration), and 
the jackshaft shown at the right of the figure. 

The entire spindle mount rests on sponge-rubber pads, and the 
spindle is connected to the jackshaft through a vibration-absorb- 
ing coupling. Vibration of the spindle mount during operation 
is very small; the measuring equipment is, in any case, unaffected 
by motions of the entire mount. 

The spindle can be driven in the machine at speeds up to 3000 
rpm. 

Measuring Apparatus. The conditions to be met by the 
measuring equipment were quite severe. It was required to 
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measure continuously and at any speed the ‘‘position’’ of the 
spindle axis relative to the quill. The measurement should not 
disturb the operation of the spindle in any way. The instrument 
should measure changes of position as small as 1 microinch in 
order to detect causes of minute roughness. The sensitivity of the 
apparatus used was actually limited only by the precision with 
which the reference surface, whose position was measured, could 
be lapped to a true cylinder. 

Among the most critical of these requirements was that the in- 
strument should measure position, not motion; it had to be sen- 
sitive to long-period motions, and to hold its zero over relatively 
long periods. It had, at the same time, to respond without lag 
to very rapid movements. 

The surface whose position is measured is the cylindrical spindle 
extension at the front end of the spindle in Fig. 1. This was 
lapped with a ring lap until further lapping produced no change 
in its shape; it could then be assumed that it was within 5 
microinches of a true cylinder. 

The measurement made is of the gap between this cylindrical 
extension and the two ‘‘probes” which can be seen fastened to 
the spindle cradle one on either side of the machine. 

The working end of one of these probes is shown in Fig. 2, The 
two blocks seen in the end are plates of an electrical condenser. 
The plates are held on a bakelite block, and the gap between 
them and the outer brass shield of the probe is filled with sulphur. 
The whole end of the probe was lapped against a cylinder the 
same diameter as the spindle extension. 

The circuit of one of the two measuring channels is shown in 
Fig. 3. The condenser shown at C; consists of the plates in the 
end of the probe together with the spindle extension. The 
capacitance between the two probe plates varies according to 
changes in spacing between the spindle extension and the probe. 

Condenser C; is the condenser in the tuned circuit. C,-Li of a 
push-pull Hartley oscillator. The resonant frequency of such a 
circuit is 
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where LZ is inductance. 
In the tuned circuit L:-Ci, the total capacity is composed of a 
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stray capacitance C’, and the capacitance C;, which is essentially 
a parallel-plate condenser, in which 


where k is a constant, and d is the spacing between the plates of 
C, and the spindle extension. 


k 
If L = l, and C = C, + — are substituted in Equation [1], 


d 
differentiation results in the following 
df _ kf 1 


dd 2 kd +C,d@? 


The changes in d which it is desired to measure are not more 
than 1 per cent, so that df/dd is practically inversely proportional 
to d, while on the other hand the sensitivity of the apparatus can 
be varied at will by larger changes in d. 

The tuned circuit L;-C; was made resonant at about 3200 ke. 
The output of the oscillator is fed through the buffer amplifier 
V; and V., which prevents movement of the coupling leads and 
tuning of the amplifier and mixer from affecting the frequency of 
the oscillator, to the mixer Vs. Here the signal is heterodyned 
with the output of oscillator Vs, about 2745 ke, and the ap- 
proximately 465-ke heterodyne signal is selected by the trans- 
former T, to be amplified. The voltage of the signal is raised 
to about 300 volts by the amplifier V7 and amplifier-limiter Vs. 
The signal is then applied to the discriminator tube Vo. 

The discriminator circuit is one which produces a voltage di- 
rectly proportional to the difference between the applied fre- 
quency and the resonant frequency of the discriminator trans- 
former, T2, The voltage across the terminals marked “‘to 
oscilloscope” is thus proportional to small changes in spacing of 
the condenser C;, which change the frequency of the oscillator 
V,-V2 and thus the frequency applied to the discriminator. 

Tube Vg, was later arranged to operate as a “‘limiter’’ amplifier 


(a) (Above) Front of spindle shaft 
(6) (Right) Front bearing 
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and thus prevented changes in amplification in previous stages 
from affecting the output voltage. 

Each of the two channels is entirely independent. The sensi- 
tive condensers are placed 90 deg one to the other, so that each is 
sensitive mainly to motion along one axis of a system of recti- 
linear co-ordinates. The output of each measuring channel is fed 
directly to one pair of plates of a cathode-ray oscilloscope tube. 

The peak output voltage of the discriminator is about 200 volts, 
so that no direct-current amplification is necessary. Thus the 
motion of the cathode beam in the oscilloscope is a magnified 
representation of the motion of a point at the center of the spindle 
extension. The magnification most often used was 10,000; 
although magnifications much greater and much less than this 
are easily available. 

It will be apparent that the center of the spindle extension does 
not in general coincide with the axis of rotation of the spindle. 
However, if the spindle axis remains the same during the revolu- 
tion the center of the spindle extension will move in a circle, and 
the pattern on the oscilloscope screen will be a circle. Devia- 
tions from circularity will indicate changes in axis of rotation of 

the spindle. 


M®8ASUREMENTS MADE 


While the design and performance 
of lathe spindles are outside the scope 
of this paper, some examples of the 
measurements made with the instru- 
ment are included. 

Fig. 4(a) shows the pattern pro- 
duced on the oscilloscope screen by the 
rotation of a simple sleeve-bearing 
precision-lathe spindle, the lubricant 
being supplied to it by gravity. The 
magnification of the original, in terms 
of spindle movement, was <10,000, 
and the pattern shows runout during 
the revolution of the spindle of about 
20 X 10-* in. Fig. 4(b) is the pat- 
tern produced by the same spindle 
when oil was supplied to it at 40 psi. 
The runout has increased to about 
50 X 10~§ in., apparently on account 
of nonuniform oil flow through the 
spindle. 

The reasons for this shift are clearly 
shown in Fig. 5. Fig. 5(a) is a repre- 
sentation of the contour of the front 
end of the shaft of this spindle. It 
was obtained by rotating the shaft of 
the spindle, noting the deflections of 
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the galvanometers of the spindle-testing instrument, and plotting 
the values obtained. It corresponds exactly with the oscillo- 
scope pattern which would be obtained by rotating the shaft at 
infinitesimal speed. Fig. 5(b) is the contour of the front bear- 
ing of the spindle and was obtained by rotating the shaft while 
a force was applied to it so that the same surface of the shaft 
would always be in contact with the bearing. 

Figs. 5(a@) and 5(b) show that the clearance of the spindle may 
vary by 2 X 10~‘ in. from point to point around the circum- 
ference, and that the place having largest clearance will move 
during the revolution of the shaft; oil under pressure ‘will thus 
increase the axial shifts of this particular spindle. 

In order to study the effect of a vibrating load on the spindle 


(a) 5-min shutdown (6) 1-hr shutdown 
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similar to that which would occur in cutting, a small ball bearing 
was placed on the spindle extension, the inner race of which 
moved with the spindle while the outer race was held still by the 
force of gravity on a small weight attached to it. Fig. 6 shows 
the oscilloscope patterns produced under such conditions in the 
plain-bearing spindle both with gravity oil feed and pressure feed. 
It will be seen that the rigidity of the spindle under such loading 
is not much affected by oil pressure. 

The manner in which the spindle-testing equipment can be 
used to measure long-time changes in spindle position is shown 
in Fig. 7- Fig. 7(a) is a double exposure of the oscilloscope pat- 
terns before and after a 5-min shutdown of the spindle. The 
spindle axis has changed about 10~‘ in. relative to the probes 
on account of cooling of the machine. A similar double exposure 
before and after a 1-hr shutdown, Fig. 7(6), shows that a shift 
of about 3 X 10~‘ in. has occurred in this time. This shift, or a 
greater one, might be cause for rejection of some parts made on a 
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machine after such a shutdown if the spindle had this perform- 
ance. 

Fig. 8 shows the pattern produced during two successive revo- 
lutions of a spindle containing a pair of superprecision combina- 
tion radial-and-thrust ball bearings in the back end and a plain 
bearing in the front end. Unlike the plain-bearing spindle, the 
axis of this spindle does not retrace its path during successive 
revolutions on account of the ball-bearing races rotating at 
about one half the rate of the spindle. The precession of the axis 
of this spindle has an amplitude somewhat greater than 30 mi- 
croinches per revolution, sufficient to produce a roughness quite in- 
tolerable on some machined parts. 


CONCLUSION 


The apparatus described was found very useful in providing 
information for use in the design of new precision-lathe spindles, 
and in checking the performance of them after they were built. 
It is apparent that the same type of circuit may be useful in 
other cases where measurements of very small changes in position 
or size are to be made. While the advantages of this design over 
some other electrical micrometers and strain gages are most 
apparent where the demand is for an instrument to measure dis- 
placements both at very high and zero rates of change, the way 
in which the frequency-modulation principles used free the equip- 
ment from errors caused by changes in amplification is also 
desirable in other applications. 


(Owing to travel emergency conditions existing when this paper was presented, written discussion will be accepted until November 10, 1945.) 


Irreversibility in the Theoretical 


Regenerative Steam Cycle 


By R. E. HANSEN,! NEW YORK, N. Y. 


An irreversible process takes place in the theoretical 
regenerative steam cycle for power generation when 
superheat in the steam bled from the turbine is transferred 
to feedwater. Increase in entropy occurs, as in any 
irreversible process; this increase can be determined by a 
simple method of graphic integration, and used in com- 
puting additional heat rejection to the condenser. Heat 
rate of the cycle can then be found with a high degree of 
accuracy by a simple formula. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


H = enthalpy of steam at point indicated by subscript, 
Btu per lb 
h = enthalpy of water at point indicated by subscript, 
Btu per lb 
dp = increase in pressure between adjacent infinitesimal 
feedwater heaters 
s = entropy per pound of steam at point indicated by sub- 
seript, Btu per deg F 
S = entropy when used to indicate total in system, Btu per 
deg F 
AS = total gain in entropy for cycle with 1 lb of steam at 
throttle, Btu per deg F 
T = absolute temperature at point indicated by subscript, 


deg F 
v = specific volume of feedwater in heater 
Wr = work lost during an irreversible process 
dw = fraction of throttle steam bled at any stage 
(1— w) = quantity of feedwater in any heater, with steam quan- 
tity at throttle taken as unity 


INTRODUCTION 


Analyses of the theoretical regenerative steam cycle have been 
made in the past, with the purpose of developing procedures for 
computing heat rate. Methods that have heretofore been pre- 
sented, however, are laborious and leave much to be desired in 
the way of simplicity in use. The purpose of the present paper 
is to show that by computing the increase in entropy which oc- 
curs in the cycle, the heat rate may be determined quickly and 
with a high degree of accuracy. 

The theoretical regenerative cycle is one in which steam is ex- 
panded adiabatically; a sufficient quantity is bled from the tur- 
bine at an infinite number of points to heat feedwater in an in- 
finite number of open (contact) heaters to the temperature at 
which evaporation occurs. Feed-pump work is done at 100 
per cent efficiency. Boiler-plant, pipe-friction, radiation, and 
generator losses, also temperature differences in conduction, are 
considered zero, the limit they would approach if size of equip- 
ment and insulation were indefinitely large. 

The provisions as set forth require that all processes in the 
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cycle be accomplished reversibly except one. Steam bled from 
the turbine in the superheat region is mixed irreversibly with 
feedwater, the latter being at the same pressure as the steam but 
at its saturation temperature. During this irreversible process, 
an increase in entropy occurs. Usually, engineers are reluctant 
to utilize the concept of entropy except when it remains constant, 
but, as will be shown, the quantity is a convenient device, even 
when it is a variable. 


EQUIVALENCE OF REVERSIBLE CYCLES 


Steam can theoretically be made to do work in the cycle 
ABCDEA, Fig. 1, condensation being stopped at point #, and 
wet steam being compressed adiabatically to point A. In the 
regenerative cycle, steam is completely condensed to point G 
on the liquid line, steam being bled from several stages in the 
turbine to heat condensate to point A. If this process of regen- 
eration were strictly reversible, the cycle would then be exactly 
equivalent to cycle ABCDEA, the greater quantity of heat re- 
jected to condensing water per pound of steam going to the 


TEMPERATURE — T. 


ENTROPY —s 


Fig. 1 TrEmMprrRATURE-ENTROPY DIAGRAM FOR ‘THEORETICAL 


REGENERATIVE STEAM CYCLE 


condenser being exactly compensated by a decrease in the quan- 
tity of steam condensed. This is a consequence of Carnot’s law 
that each increment of heat added in a cycle at absolute tem- 
perature 7’, and rejected at temperature 7» is utilized with ef- 
ficiency (7; — T2)/T;, provided no irreversible processes occur 
within the cycle. Any cycle in which the pattern of heat input 
is along line ABC has the same efficiency as the cycle ABCDEA, 
provided only that all heat rejection is at the same temperature 
and that no irreversible processes are used. 


Crcies WirH VARYING STEAM QUANTITY 


To assist in visualizing the cycle, the diagram may be con- 
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sidered to have a third dimension, i.e., quantity of steam. Any 
horizontal cross-sectional area of the resulting solid would then 
represent a total, rather than a unit, quantity of entropy. Ran- 
kine cycle, shown by ABCDGA, has a constant steam quantity, 
hence front and rear faces of the solid representing it are plane 
and parallel, and all vertical sections parallel to the temperature- 
- entropy plane are identical. In the theoretical regenerative 
eycle, the weight of steam in the turbine diminishes as expansion 
proceeds from C to D, Fig. 1, and the weight of feedwater in- 
creases as it is heated from G to A. The total quantity of en- 
tropy represented by any horizontal cross section in Fig. 2 
would remain constant below the plane of saturation tempera- 
ture at the throttle, if a completely reversible regenerative cycle 
were used, as illustrated by solid lines in Fig. 2. Entropy may 
here be regarded as transferred from bled steam to feedwater, 
without increase in total quantity in the system. 


ENTROP Ys 
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WEIGHT —w 
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Fie. 2 Turee-DImMENsIONAL DIAGRAM FOR THEORETICAL REGEN- 
ERATIVE STEAM CYCLE 


While, as already indicated, the regenerative cycle cannot be 
completely represented in a two-dimensional diagram, an equiva- 
lent constant-quantity cycle may be depicted. For the reversi- 
ble regenerative cycle, the width of the equivalent constant- 
quantity cycle, now representing entropy per unit of steam, is 
constant. When irreversible processes are used, the additional 
entropy generated must be taken into account, progressively 
widening the equivalent diagram, as shown by dotted lines in 
Figs. 1 and 2. The regenerative cycle with irreversible feed-heat- 
ing process may therefore be represented on the 7'-S plane by 
displacing point H toward the left by an amount AS, as at Ai, 
where AS is the total entropy generated for each pound of throttle 
steam. 


CompuTING EntTrRopY INCREASE 


To determine the increase in entropy resulting from the ir- 
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reversible process, the first law of thermodynamics is used 
Thus if a quantity of heat, represented by an area 7S on the 
temperature-entropy diagram, Fig. 3, is cooled without doing 
work to temperature T2, then the following relation must hold 


TiS = TS + AS) 
from which 
Gn vin lal: 
T > Ts 
where Wp is the quantity of work that could have been gener- 


ated in a reversible cycle. This may also be expressed differenti- 
ally, as 


AS = 


dS = Pune he nig tere as 
To be reversible, the process of regeneration must be accom- 
plished in such a way that heat passes from one fluid to another 
at the same temperature. As long as wet steam is bled in in- 
finitesimal steps and gives up its heat in feedwater heaters each 
operating with zero terminal difference, the process is fully re- 
versible. But when superheated steam is bled and used at con- 
stant pressure in the heaters, part of the process is not reversible. 
This is because heat at temperature higher than saturation passes 
to water at saturation temperature. To accomplish reversiblity 
in the superheat region, it would be necessary to compress bled 
steam isothermally to saturation pressure corresponding to its 
superheat temperature, as from Y to Z in Fig. 1, utilizing the 
heat rejected in isothermal compression for heating the feed- 
water. If instead steam is bled at point X where the expansion 
process has progressed to a pressure equal to that of the satu- 
rated steam at feedwater temperature and is cooled irreversibly, 
work represented by triangle X YZ is lost. Then, from Equation 
[1] 


d 
dS = [Hx — hy — Ty (8x — 8] phen 
Di 


if dw is the fraction of the throttle steam bled at any stage and 
subscript f refers to the condition of saturated liquid at the pres- 
sure of the bled steam. 


The heat balance for the infinitesimal heater is 
dw(Hx — hy) = (1—w) [dhy—vdp] = (1 — w) Tpdsy. . [3]? 
Substitution of Equation [3] into Equation [2] yields 
ets poe Ty (sx — 89) a 
Fin fe 


2 “Thermodynamic Properties of Steam,’’ by J. H. Keenan and 
¥.G. Keyes, John Wiley & Sons, Ine., New York, N. Y., 1936, Equa- 
tion [2a], p. 12. 
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The quantity of steam in the turbine. at any tem- 
perature (1 — w) is found from the cross-sectional area 
of the three-dimensional diagram shown in Fig. 2. As 
stated before, this area remains constant except for the 
accumulated inerease in entropy occurring as regenera- 


tive heating proceeds. Such cumulative increase is zero ca sas 
at the throttle, where its rate of increase is greatest, and es 
reaches its maximum value when bled steam becomes aie 
saturated, at which point no further increase occurs. It = 0:10 
is therefore sufficiently accurate for the purpose of ! : 
evaluating 1 — w to assume the cross-sectional area con- r * 
stant, that is eS 
(eee 


(1—w) X (Sx— 5) =1 X (se — 84) 


The magnitude of inaccuracy resulting from this simpli- 
fying assumption is about 1 per cent of AS at 3200 psia 
1200 F, and much less at lower throttle conditions. The 
corresponding error in heat rate, computed as will be 
shown, is less than 2 Btu per kwhr. Making this substitu- 
tion and simplifying produces 


dS = (se — 84) | ee ee ee 
Sx — Sf 
Equation [6] is integrated between limits of sy corresponding 
to the throttle pressure and the point where the expansion curve 
crosses the saturation line by plotting the values of the bracketed 
coefficient against sy as in Fig. 4, and multiplying the area under 
the curve by the constant term (sg — s4); this product is AS. 
A sample calculation is shown in Table 1 for throttle condi- 


COMPUTATION OF EXPRESSION IN EQUATION [6] FOR sy 
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0.20 


THIS AREA 
EQUALS 0.0288 


Fie. 4 Grapuic INTEGRATION, A STEP IN FINDING AS 


second paragraph of the present paper. Agreement between 
those data and heat rates computed by the method now presented 
is shown in Table 2. 


APPLICABILITY OF MprHop 
The advantages of computing theoretical cycle heat rates by 
the new method, as compared with that presented last year, are as 
follows: 
1 Less work is involved; only 10 steps are needed in Table 2, 


1.5745, CORRE- 


SPONDING TO 3200 PSIA 1200 F 


TABLE 1 
[ 1 
oe, 
1 2 3 4 5 
Psia sf 8x — (2) 1.0 + (8) Ty 
3200 1.0320 0.5425 1.843 1164.8 
3000 0.9731 0.6014 1.663 1155.0 
2800 0.9459 0.6286 1.591 1144.7 
2400 0.9023 0.6722 1.487 1121.8 
2000 0.8619 0.7126 1.403 1095.5 
1600 0.8196 0.7549 1.323 1064.6 
1200 0.7711 0.8034 1.245 1026.9 
800 0.7108 0.8637 1.158 977.9 
400 0.6214 0.9531 1.049 904.3 
141 0.5076 1.0669 0.937 813.3 
TABLE 2 COMPUTED 
Steam conditions 
at throttl———.. Condenser 
Pressure, Temp, pressure, 
psia deg F In, Hg abs 
3200 1200 £0, 
850 900 1.0 
400 700 1.0 


tions 3200 psia 1200 F, with sy equal to 1.5745. Values from 
column 10 are plotted in Fig. 3, and the area, computed as 
0.0288, is multiplied by sy — sy 0.5425; the product is 
0.0156, which is the value of AS for use in Equation [7]. 


Heat Rates 
Heat rate is given as follows: 


3412.75 (He — ha) 
He —ha—T xz (so—sa + AS)" 


Theoretical heat rate = 


If AS is determined accurately, Equation [7] is exact. 
In a paper? presented last year, Messrs. Selvey and Knowlton 
gave heat rates accurately computed for a cycle as defined in the 


3 “Theoretical Regenerative-Steam-Cycle Heat Rates,’ by A. M. 
Selvey and P. H. Knowlton, Trans. A.S.M.E., vol. 66, 1944, pp. 489- 
512. 


Ty ‘ 

Hy — lg 

6 7 8 10 

Hy hg (6) — (7) (5) (8) (4) "Q) 
1569.9 872.4 697.5 1.670 0.173 
1559.3 802.5 756.8 1.526 0.137 
1548.0 770.1 777.9 1.471 0.120 
1523.6 718.4 805.2 1.394 0.093 
1495.6 671.7 823.9 1.330 0.073 
1462.8 624.1 838.7 1.268 0.055 
5 Oye ey Ow 851.1 1.206 0.039 
1370.6 509.7 860.9 1.136 0.022 
1291.3 424.0 867.3 1.043 0.006 
1193.1 325.4 867.7 0.937 0.000 


HEAT RATES COMPARED WITH PUBLISHED DATA 


-——Heat rate, Btu per kwh——~ 


Value of Computed Selvey and 
AS from AS Knowlton, Table 1 
0.0156 5999 5999 
0.0036 7235 7232 
0.0014 8229 8222 


compared with 35 in the method described in the previous paper; 
the nature of the computations is such that slide-rule accuracy 
will usually be adequate. 

2 The integration for AS may be performed between differ- 
ent limits on a single curve, such as that in Fig. 4, so that the 
computation of a few such curves will suffice to give the com- 
plete range of values for all commonly used pressures and tem- 
peratures. The quantity AS, being small compared with 
Sp — 84, can be obtained with sufficient accuracy by interpola- 
tion even though the intervals are quite large. 

8 The basis of derivation is concerned only with the funda- 
mental properties of steam and eliminates the need for dealing 
separately with the work done by the boiler feed pump; atten- 
tion thus being focused on the essential and limiting factors. 

4 Data can be more readily utilized in working with complex 
cycles in which steam is reheated after partial expansion. In 
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this case AS for partial expansion would be that for the throttle 
condition minus that for the uncompleted part of the expansion 
and is added arithmetically to AS for additional expansions, each 
multiplied by the fraction of the original steam remaining at the 
beginning of expansion. 

5 AS is independent of back pressure, unless the exhaust is 
superheated; no back-pressure corrections need be computed. 

A complete table of heat rates for the theoretical regenerative 
cycle having already been published,’ the author has not under- 
taken the computation of exact values of AS at this time. Use- 
fulness of such compilation would be largely for special cases; 
when needed, AS can be computed from published theoretical 
heat rate by means of Equation [7], or by the method just given. 
To show approximately how quantity varies, however, Fig. 5 is 
presented. It is based on rough calculations covering pres- 
sures up 10 3000 psia and temperatures 600 to 1600 F. 


NONADIABATIC TURBINE EXPANSION 


In applying the method as described to the determination of 
cycle performance with an actual turbine, the entropy increase 
due to irreversibility in feedwater heating becomes greater than 
with the cycle as previously defined. The higher superheat at 
intermediate bleed points is responsible for this condition, which 
can be taken accurately into account only by recomputing AS, 
using the actual expansion curve. An additional AS value be- 
cause of irreversibility in turbine expansion can be read from the 
expansion curve, and the sum of these used to determine the 
heat rate of another cycle, also having an infinite number of 
bleed points. 

The result under the method indicated would not be the same 
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Fie. 5 Variation or AS With PressuRE AND TEMPERATURE 


as obtained by dividing the heat rate of the theoretical adiabatic 
cycle by the over-all turbine efficiency, though the difference may 
be small. It follows that whatever method is used for deter- 
mining the heat rate of the adiabatic cycle, the entire calculation 
must be repeated for the nonadiabatic cycle, if axact results are 
needed. 


(Owing to travel emergency conditions existing when this paper was presented, discussion will be accepted until November 10, 1945) 


Critical Shearing Stress in Skin-Stressed 
Boxcar Sides 


By V. L. GREEN! anp J. J. DRINKA,? MILWAUKEE, WIS. 


Developments in boxcar construction are traced 
through the period of the 1920’s and early 1930’s, leading to 
design work by K. F. Nystrom on The Milwaukee Road 
in which 15-gage side sheets, stiffened by six longitudinals 
of the lapped type formed integrally with the side sheet, 
were found to be entirely satisfactory for car-side con- 
struction, and accomplished a saving in weight of 600 lb. 
In order to determine the possibility of further weight re- 
duction without sacrificing strength, a study was made of 
the elastic stability of various types of car sides, and tests 
were conducted to correlate the theoretical study with ac- 
tual test results. This paper includes a discussion of 
shearing stress in thin-webbed girders, the test procedure, 
a theoretical] analysis of a number of panels tested, and the 
' results obtained for the panels tested. 


INTRODUCTION 


URING the late 1920’s and early 1930’s the trend in 
D boxcar construction was directed from single-sheathed, 
diagonal-braced construction to the steel-sheathed, wood- 
lined type of car. The early frame construction was of the truss 
type and the sheathing was not employed as a part of the load- 
carrying structure. The steel-sheathed wood-lined cars did not 
utilize diagonal bracing, and the car structure was therefore 
similar to a plate girder, the steel side sheets serving as the web 
of the girder. In this construction the high shear loads at the 
ends of the beam are transmitted to the supports by the web 
working in shear. The early steel-sheathed cars utilized rather 
heavy-gage steel side sheets approximately 0.100 in. thick, and 
such cars weighed approximately 46,500 lb for cars 40 ft 6 in. in 
length. 

Prior to 1925 the load limit on boxcars was determined on the 
basis of 110 per cent of the nominal capacity. This method of 
determining the load limit fixed the maximum lightweight for a 
40-ton freight car at 48,000 Ib, and for a 50-ton freight car at 
59,000 lb. Since the load-carrying capacity of the car was thus 
definitely determined there was no great advantage in reducing the 
weight below this maximum light weight. However, in 1925 the 
procedure for calculating the load limit was modified. The load 
limit was to be determined by obtaining the difference between 
the permissible weight at the rail, based on journal size, and 
the lightweight of the car. Thus weight reduction became of 
prime importance, as every pound removed from the car struc- 
ture could be replaced by a pound of tariff-producing lading. 
Since the weight of the side sheets on a 40-ft 6-in. boxcar with 
0.100-in. side sheets was approximately 2735 lb, decreasing the 
thickness of these sheets was a fertile field for weight reduction, 
and some boxcars were built with 14-gage (0.075 in.) side sheets 
stiffened with a few very heavy stiffeners. The weight of the 


1 Chicago, Milwaukee, St. Paul &.Pacific Railroad. 

2 Chicago, Milwaukee, St. Paul & Pacific Railroad. Jun. A.S.M.E. 

Contributed by the Railroad Division and presented at the Annual 
Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of Tor AMERICAN 
Society or MrcHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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side sheets on a 40-ft 6-in. boxcar of this type was approximately 
2350 lb, a desirable weight reduction. These cars did not col- 
lapse and are still in service, but the side sheets developed stress 
buckles at the bolster panels under heavy loads. 

It was decided, nevertheless, that the 14-gage sheets were, if 
adequately stiffened, suitable for side sheets and K. F. Nystrom 
of The Milwaukee Road developed a car side utilizing 14- 
gage sheets with six longitudinal stiffeners of the lapped type 
formed integrally with the side sheet as shown in Fig. 1. A large 
number of cars were constructed with this type of side with 
completely successful results, as the side sheets showed no evi- 
dence of the formation of buckles under load. The weight of the 
side sheets on a 40-ft 6-in. boxcar of this type was 2495 lb, which 
is 145 lb more than that of the previously discussed inadequately 
stiffened 14-gage side construction, but is 240 lb less than the 
weight of the side sheets on a car with 0.100-in. side sheets. 
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In order to determine the possibility of accomplishing further 
weight reduction without sacrificing strength a study was made 
of the elastic stability of various types of car sides, and a number 
of tests were conducted to correlate the theoretical study with 
test results. The following types of side construction were con- 
sidered in the theoretical analysis: 


1 A flat, unstiffened side section with 15-gage side sheets. 

2 A side section consisting of 15-gage side sheets stiffened 
with two lapped longitudinal ribs. 

3 Same side section as No. 2 with a 20-gage vertical stiffener 
added. 

4 The car-side section previously used on The Milwaukee 
Road, consisting of a 14-gage side sheet with six lapped, 
longitudinal stiffeners. 

5 A side section similar to No. 4 with 14-gage side sheets and 
six lapped longitudinal stiffeners smaller than those used for No. 
4, : 

6 A-side section with 15-gage side sheets and six lapped lon- 
gitudinal stiffeners. 

7 Aside section with 16-gage side sheets and six lapped lon- 
gitudinal stiffeners. 

8 A flat unstiffened side section with 0,100-in. side sheets, 
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Test panels representative of side sections 1 to, 5, inclusive, 
were fabricated and tested to check the analytical results. 

This paper will include a discussion of shearing stresses in thin- 
webbed girders, the test procedure, a theoretical analysis of each 
panel, and the test results for the panels tested. 


SHEARING STRESS IN THIN-WEBBED GIRDERS 


The web of a plate girder is a thin plate subjected to shear, com- 
pressive, and tensile stresses. The shear and compressive forces 
tend to buckle the web of the girder. 

The plate girders utilized on railway and highway bridges have 
webs which are thick enough to resist this buckling or have web 
stiffeners which prevent it. In this type of construction the high 
shear loads at the ends of the beam and concentrated loads are 
transmitted to the supports by the web working in shear. The 
sides of boxcars with heavy side sheets or stiffened thin side 
sheets are girders of this type. 

Other plate girders, for example, those utilized in airplane con- 
struction, are not designed to carry the entire load to the support 
by the shear in the web. A part of the load is carried as shear in 
the web, and the additional load causes the formation of buckles 
which permit the web plate to work as a diagonal tension tie. 
Any stiffeners then act as struts and the load is transmitted as in 
a truss. The load at which the flat form of equilibrium becomes 
unstable and the plate begins to buckle is known as the critical 
load. 

The load at which buckle formation begins is dependent on 
the web thickness and the stiffener strength and spacing. The 
critical shear or compressive load is proportional to the flexural 
rigidity of the plate. The resistance to buckling can therefore 
always be increased by increasing the thickness of the plate, but 
such a design will not be economical in respect to the weight of 
material used in deep girders such as boxcar sides. It is gener- 
ally more economical to keep the side sheets as thin as possible 
and provide the necessary stability by utilizing posts and longi- 
tudinal lapped ribs at stiffeners. The weight of the longitudinal 
ribs will usually be much less than the additional weight required 
to provide a plate of adequate thickness. 

All boxcar sides must have vertical stiffeners in the form of 
posts to resist bulging and for other practical reasons. If longi- 
tudinal ribs are also used in conjunction with the posts, they must 
be so located and of such dimensions to prevent buckling of the 
web. When posts only are used for stiffeners it is possible for 
buckles to form, allowing the girder to work as a truss as previ- 
ously mentioned, but if adequate longitudinal ribs are introduced 
the buckle cannot pass the rib without bending it. Thus the 
girder has been broken up into rectangular panels bounded by 
the posts and longitudinal ribs. If the reinforcements are of the 
lapped-rib variety, it is possible to get the advantage of longi- 
tudinal stiffeners and at the same time have the safety factor of 
being able to go into a tension field if for some reason the unit 
buckling stress is exceeded. In designing a girder using thin flat 
sheets or thin sheets stiffened with lapped ribs, a low factor of 
safety in the neighborhood of 1.5 to 1.25 can be used because 
buckling of the sheets does not mean immediate failure of the 
structure since the sheet ean go into a diagonal tension field. 
This will be accompanied by excessive deflection, but the struc- 
ture will not collapse. 

The determination of the spacing of stiffeners, and the size of 
stiffeners, for a given thickness of web must be based on a 
study of the elastic stability of the web plate. An excellent dis- 
cussion of the rational theory of buckling of thin plates is given 
by S. Timoshenko,’ and the following theory is credited to him. 

3‘*Theory of Elastic Stability,’’ by S. Timoshenko, McGraw-Hill 
Book Co., Inec., New York, N. Y., 1936, pp. 324-418. 
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Near the supports of a beam the shearing force is the most im- 
portant factor, and the part of the web between the stiffeners 
may be considered as a rectangular plate subjected to the action 
of uniform shear, Fig. 2. 

In order to facilitate the discussion of the elastic stability of 
thin webs and stiffened thin-webbed girders the following ele- 
mentary relationships can be stated. The flexural rigidity of a 
beam or rib is : 

B= EI 


and the flexural rigidity of a plate is 


Eh’ 


ae 12(1 — V2) 


where £ is the modulus of elasticity, J is the moment of inertia, 
his the plate thickness, and V is Poisson’s ratio. 

In the stiffening of simply supported rectangular plates under 
shearing stresses two cases will be considered, as follows: 

1 A simply supported rectangular plate subjected to the ac- 
tion of uniformly distributed shearing stresses, and stiffened by 
one rib bisecting the plate as shown in Fig. 3. It is known that 
if the rigidity of the stiffener is not sufficient, the inclined waves 
of the buckled plate run across the stiffener, and buckling of the 
plate is accompanied by bending of the rib. By subsequent in- 
creases of the rigidity of the rib a condition is reached in which 
each half of the plate will buckle as a rectangular plate of dimen- 
sion a/2 by b with simply supported edges, and the rib will re- 
main straight. The corresponding limiting values of the flexural 
rigidity B of the rib can be found from the consideration of strain 
energy of bending of the plate and of the rib. Values of the ratio 
y of the required rib flexural rigidity to the rigidity Da, of the 
plate if bent into a cylindrical surface are given in Fig. 4. 

2 Asimply supported rectangular plate of length a and width 
b submitted to the action of uniformly distributed shearing 
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stresses and divided by two stiffeners into three equal portions a/3 
by 6. Values of the ratio y of the required rib flexural rigidity 
to the rigidity, Da, of the plate are given in Fig. 5. 

After the value of y for any specific case is determined from 
either Fig. 4 or Fig. 5 the required rib flexural rigidity is given 
by the relationship 

B = yDa 


-The critical shearing stress for any panel formed by such 
stiffeners of adequate flexural rigidity can then be determined 
by the formula 


7 3 4 )? rad he [1] 
Ta = \ 5.30 + 120_V2) ee oa ae 


in which h is the sheet thickness, # is the modulus of elasticity, 


V is Poisson’s ratio and 6 and d are the dimensions of the panel as 
indicated in Fig. 2. 


Test PrRoceDURE 


All of the test panels were fabricated with identical posts, side 
plates, and side-sill upper elements. The panels tested were 
subjected to a shear load as shown in Fig. 6, applied with a 
geared jack, and measured with a 0 to 50,000-lb dynamometer. 
The panels were loaded until attempts to apply additional load 
resulted only in additional strain of the test panel. 

The experimental determination of the exact critical shearing 
load of a sheet or plate is rather difficult. Theoretically, the 
critical load is the load at which the flat form of equilibrium be- 
comes unstable and the plate begins to buckle. The exact load at 
which this occurs is not easily determined. To facilitate the de- 
termination of the critical shearing loads of the panels tested 
the side sheets were carefully observed, and it was noted that in the 
cases where the panels failed due to buckling of the side sheets, 
the load was taken by the panels with some lateral movement of 
the sheet, such as straightening of buckles initially present due to 
welding, and then a load was reached at which buckles with a 
definite pattern were formed. The load at which the latter oc- 
curred was considered the critical shearing load. 

Panel No. 1. This test panel, which consisted of a long narrow 
15-gage sheet, stiffened only by the posts, is shown in Fig. 6, the 
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posts being stiff enough to resist bending when the sheet buckled. 
The critical shearing stress can be obtained by considering a 
panel as shown in Fig, 2, with 6 = 28 in., and d = 1135/s in. 
Applying Equation [1], the critical shearing stress is 870 psi. 
The effective shear area, consisting of the vertical portion of side 
plate, the vertical portion of the upper element, and side sheet, 
is 10.63 sq in. Thus the critical shearing load is 


Qer = 10.63 X 870 = 9250 lb 


The actual test critical shear load of this panel was 12,000 lb. 

Panel No. 2. This test panel, consisting of a side section with 
15-gage side sheets, and two lapped, longitudinal ribs, is shown in 
Fig. 7. The flexural rigidity of 15-gage sheet is 827 lb-in. 

This test section can be considered as having two ribs dividing 
the plate into panels with dimensions a/3 and b, where a = 113°/s 
in. and 6 = 28 in. Thus a/b is 4.06. From Fig. 5, y = 0.37. 
Thus the required rib flexural rigidity is 


= 0.37 Da = 0.37 (827 X 113.625) = 34,750 lb-sq in. 
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A cross section of the longitudinal rib is given in Fig. 8. The 
flexural rigidity of the rib is 466,000 lb-sq in. Thus it is apparent 
that the section would fail by buckling of the sheet in panels 
bounded by the posts and the longitudinal ribs, with b = 28 in., 
and d = 371/sin., Fig. 2. The critical shearing stress is, by Equa- 
tion [1], 1178 psi. The effective shear area, consisting of the 
vertical portion of side plate, the vertical portion of the upper 
element, and the side sheets is 11.14 sq in. Thus the critical 
shearing load is 


Qe = 11.14 XK 1178 = 138,150 lb 


The actual test critical shear load of this panel was 16,500 lb. 

Panel No. 3. This test panel was the same panel used for 
panel No. 2 which has just been discussed, with the addition of 
vertical stiffeners as shown in Fig. 9. This section can be con- 
sidered as divided into panels bounded by the longitudinal ribs, 
the vertical posts, and vertical stiffeners. 

For determination of the required longitudinal rib flexural 
rigidity a unit section with two stiffeners can be considered. The 
stiffeners divide the unit section into three panels with dimen- 
sions a/3 and b; where a = 1135/gin. and b = 14in. Thus a/b 


OCTOBER, 1945 


is 8.12. From Fig, 5 it can be seen that the value of y is even 
less than that for test No. 2 which did not utilize a vertical stif- 
fener. Thus the required rib flexural rigidity is less than 34,750 
Ib-sq in. and since the flexural rigidity of the actual longitudinal 
rib, Fig. 8, is 466,000 lb-sq in., it is apparent that the longitudi- 
nal rib is sufficiently rigid. Therefore the sheet will buckle with- 
out bending the longitudinal ribs. 

In order to determine the flexural rigidity of the vertical stif- 
fener required to prevent bending of the stiffener when the plate 
buckles, a unit panel with one stiffener can be considered as 
shown in Fig. 3, with @ = 28 in. and b = 37!/.in. Thus the 
ratio a/b is 0.747. From Fig. 4, y is 30. This value of y was 
taken from the broken-line portion in Fig. 4. The dotted portion 
o this curve is merely an extension of the data given by Timo- 
shenko? and should be accepted only as an approximation. Con- 
sidering y as 30, the required vertical-stiffener flexural rigidity is 


B = 30 Da = 30 X 827 X 28 = 695,000 Ib-sq in. 


A cross section of the 20-gage vertical stiffener is given in Fig. 
10. es 
Since the flexural rigidity of this vertical stiffener is only 371,000 
lb-sq in. it is apparent that the vertical stiffener will bend when 
the sheet buckles. 


o ” ” 


In order to approximate the critical shearing load for this panel, 
the critical shearing load of a panel divided as shown for the test 
panel, but with a vertical stiffener of sufficient rigidity, will be 
considered. This hypothetical panel can be considered as di- 
vided into panels such as that shown in Fig. 2, with b = 14 in. 
and d = 87'/,in. For such a panel the critical shearing stress is, 
by Equation [1], 3685 psi. The effective shear area is the same 
as that for test panel No. 2; that is, 11.14 sq in. The critical 
shearing load is therefore 


Qer = 11.14 X 3685 = 41,100 lb 


However, as previously stated, the vertical stiffener used for 
this test was not rigid enough to resist bending when the sheet 
buckles. Failure would therefore occur at some load between 
the critical shearing load obtained for panel No. 2, which con- 
sisted of the same panel without a vertical stiffener, and the 
critical shearing load of the hypothetical panel discussed which 
had a sufficiently rigid vertical stiffener. It will be assumed that 
the additional load-carrying capacity due to the application of 
the vertical stiffener is in proportion to the ratio of the flexural 
rigidity of the rib to the required rigidity of the rib. Thus on the 
basis of this crude assumption, the critical shearing load for panel 
No, 3 is 

371,000 


08 cleo 
? 0 + 695,000 


(41,100 — 13,150) = 28,070 lb 


The actual test critical shear load of this panel was 36,000 lb. 
Panel No. 4. This test panel, utilizing 14-gage side sheets and 
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six longitudinal lapped stiffeners, is shown in Fig, 11. This side 
section was used on a large number of cars constructed by The 
Milwaukee Road. 

The flexural rigidity of 14-gage (0.075-in.) sheet is 1160 lb-in. 

To determine the required longitudinal rib flexural rigidity to 
cause the panels bounded by the posts and longitudinal ribs to 
buckle without bending the ribs, a unit panel with one stiffener, 
Fig. 3, with a = 31%/ in. and b = 28 in., can be considered. The 
ratio a/b is 1.133 and from Fig. 4, y is 9.15 

The required rib flexural rigidity is therefore 


B = 915 Da = 9.15 X 1160 X 31.75 = 337,000 lb-sq in. 


If a unit panel, having two stiffeners, is considered having a = 
47°/s in. and b = 28 in., the ratio a/b is 1.708, and from Fig. 5, 
y is 6.80. 

The required ib flexural rigidity is therefore 


B = 6.80 Da = 6.80 X 1160 X 47.625 = 376,000 lb-sq in. 


Thus on the basis of a unit section with one stiffener, the re- 
quired stiffener flexural rigidity is 337,000 lb-sq in. while for a 
unit section with two stiffeners, the required stiffener flexural 
rigidity is 376,000 lb-sq in. It can be seen that the required rib 
rigidity increases slightly as the number of stiffeners increases. 
Timoshenko? does not extend the theory regarding the required 
rib rigidity beyond the case of a panel with two stiffeners. How- 
ever, for practical cases it will be assumed that the required stif- 
fener flexural rigidity will not be larger than 1.5 times that for a 
panel with one stiffener. Thus a well-proportioned rib for this 
test panel should have a rigidity of approximately 


B = 1.5 X 337,000 = 505,500 lb-sq in. 


A cross section of the actual rib used on this test panel is given 
in Fig. 1. The flexural rigidity of this stiffener is 689,000 Ib- 
sq in. The stiffener is therefore conservatively designed, and it 
is apparent that the panel would fail due to buckling of the sheet 
in panels with b = 157/s in. and d = 28 in., Fig. 2.. Thus the 
critical shearing stress is, by Equation [1], 4020 psi. The effec- 
tive shear area, consisting of the. vertical portion of side plate, 
the vertical portion of upper element, and the side sheets, is 13.86 
sq in. and the critical shearing load is therefore 


Qer = 13.86 X 4020 = 55,700 Ib 


The actual test critical shear load of this panel was not de- 
termined as the posts buckled due to compression at 43,000 lb 
without buckling the side sheets. 

Panel No. &. This test panel, utilizing 14-gage side sheets, is 
shown in Fig. 11. The panel is stiffened with six lapped longi- 
tudinal ribs smaller than those employed for panel No. 4. Since 
the spacing of posts and longitudinal ribs is the same for this 
panel as for panel No. 4, the required longitudinal rib flexural 
rigidity based on a unit panel with one stiffener is the same as 
that for panel No. 4, that is, 337,000 lb-sq in. - As stated in the 
discussion of test No. 4 for practical cases with several stiffeners, 
it is advisable to make the stiffener about 1.5 times the rigidity 
required on the basis of a calculation for a unit panel with one 
stiffener, that is, 505,500 Ib-sq in. for this panel. 

A cross section of the lapped longitudinal stiffener used for 
this test is given in Fig. 8. The flexural rigidity is 510,000 Ib- 
sqin. Thisstiffeneri therefore well designed, and it is apparent 
that the longitudinal rib will not bend when the sheet buckles. 
The sheet will therefore buckle in panels bounded by the posts 
and longitudinal ribs with b = 157/s in. and d = 28 in., Fig. 2. 
This is the same as for panel No. 4, and the critical shearing stress 
based on Equation [1] is again 4020 psi. The effective shear 
area, consisting of the vertical portion of side plate, the vertical 
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portion of upper element, and the side sheets, is 13,20 sqin, Thus 
the critical shearing load is 


Qe = 13.20 X 4020 = 53,000 lb 


The actual test critical shear load of this panel was not deter- 
mined as the posts buckled due to compression at 43,000 lb with- 
out buckling the side sheets. 

Panel No. 6. This side section, Fig. 11, with six lapped longi- 
tudinal stiffeners of the cross section shown in Fig. 12, was used 
on 1000 boxcars recently built at the Milwaukee shops. The side 
sheets were of 15-gage thickness. 
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To determine the required longitudinal-stiffener flexural rigid- 
ity, consider a unit panel with one stiffener, Fig. 3, with a = 
313/,in. and b = 28in. Thus the ratio’a/b is 1.133 and from Fig. 
4, y is 9.15. Since the flexural rigidity of 15-gage sheet is 827 lb- 
in. the required longitudinal-stiffener flexural rigidity for a unit 
panel with one stiffener is 


B = 9.15 Da = 9.15 (827 X 81.75) = 240,000 lb-sq in. 


As previously stated, a suitable stiffener for a panel with a mul- 
tiple number of stiffeners should have a flexural rigidity of ap- 
proximately 1.5 times that required for a unit panel with one 
stiffener. Thus a stiffener for this panel should have a flexural 
rigidity of 360,000 lb-sq in. A cross section of the 15-gage longi- 
tudinal stiffener used for this test panel is shown in Fig. 12. The 
flexural rigidity of this stiffener is 376,800 lb-sq in. Thus the 
stiffener is well designed and the sheet will buckle in panels with 
b = 157/sin. andd = 28in., Fig. 2. The critical shearing stress is, 
by Equation [1], 3210 psi. Since the effective shearing area, 
consisting of the vertical portion of the side plate, the vertical 
portion of the upper element, and the side sheets, is 12.27 sq in., 
the critical shearing load is 


Qor = 12.27 X 3210 = 39,400 lb 
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TABLE 1 SUMMARY OF TESTS AND CALCULATIONS 
Weight Analytical 
Test results —~ Weight saved critical 
aly tical Maximum Critical of carset over shear load 
critical load shear of sheets 0.100-in. carried Factor 
Panel Description shear load, applied, load, Cause of (40 ft6in. sheets, per lb of 
no, of panel lb lb lb failure box), lb b of sheet safety” Remarks 
1 15-gage flat unstiff- 9250 28000 12000 Buckling of sheet 1835 900 5.03 0.44% Load carried beyond 
ened side section F due shear 12,000 lb due to 
development — of 
tension field 
2 15-gage side section 13150 25000 16500 Buckling of sheet 1876 859 7.02 0.63% Load carried beyond 
with two lapped due shear 16,500 lb due to 
longitudinal stiff- development of 
eners tension field 
3 Same as panel no. 28070 43000 36000 Bending of verti- 2066 669 13.57 1.34 Shear buckle waves 
2 with a 20-gage cal stiffener : in sheet crossed 
vertical stiffener and buckling and bent vertical 
sheet stiffener 
4 14-gage side section 55700 43000 Not reached Buckling of post 2495 240 22.30 2.65 
with 6 lapped due to com- 
longitudinal stiff- pression 
eners 
5 14-gage side section 53000 43000 Not reached Buckling of post 2350 385 22.55 2.52 
with 6 lapped due to com- 
longitudinal stiff- pression 
eners 
6 15-gage side section 39400 Not tested Not tested Not tested 2135 600 18.45 1.88 
with 6 lapped 
longitudinal stiff- 
eners 
7 16-gage side section 29050 Not tested Not tested Not tested 1910 825 15.20 1.38 
with 6 lapped 
longitudinal stiff- 
eners 
8 0.100-in. flat, un- 28050 Not tested Not tested Not tested 2735 000 10.25 1.33 
stiffened side sec- 
tion 


@ Using 21,000 as the maximum shear load at bolster panel. 
6 Structure would not collapse due to development of tension fields. 


This panel was not tested. 

Panel No.7. This side section is exactly the same as panel No. 
6 with the exception that the side sheets were 16 gage. The re- 
quired longitudinal stiffener flexural rigidity can again be de- 
termined on the basis of a unit panel with one stiffener, Fig. 3, 
with a = 313/, in. and b = 28 in. Thus the ratio of a/b = 1.133, 
and from Fig. 4, y is 9.15. Since the flexural rigidity of 16-gage 
sheet is 594 lb-in., the required longitudinal flexural rigidity for a 
unit panel with one stiffener is 


9.15 Da = 9.15 (594 X 31.75) = 172,800 lb-sq in. 

As previously stated, the flexural rigidity of a stiffener for a 
panel with a multiple number of stiffeners should be approxi- 
mately 1.5 times that for a unit panel with one stiffener. Thus 
for this panel the longitudinal stiffener should have a flexural 
rigidity of 259,200 lb-sq in. The flexural rigidity of the 16-gage 
stiffener shown in Fig. 12 is 346,500 lb-sq in. Thus it is appar- 
ent that the sheet will buckle in panels with b = 157/sin. andd = 
28 in., Fig. 2, and the critical shearing stress is, by Equation [1], 
2575 psi. Since the shearing area, consisting of the vertical por- 
tion of the side plate, the vertical portion of the upper element, 
and the side sheets, is 11.29 sq in., the critical shearing load for 
this panel is 


Qer = 11.29 K 2575 = 29,050 lb 


This panel was not tested. 

Panel No. 8. This side section consists of a flat, unstiffened 
0.100-in. side sheet and is shown in Fig. 6. The critical shearing 
stress of such a panel can be obtained by considering a panel 
as shown in Fig. 2, with b = 28 in. andd = 1135/gin. Applying 
Equation [1], the critical shearing stress is 1938 psi. Since the 
effective shear area, consisting of the vertical portion of the side 
plate, the vertical portion of the upper element, and the 
side sheets, is 14.45 sq in., the critical shearing load is 


Qer = 14.45 X 19388 = 28,050 lb 


This panel was not tested. 


As previously stated, all of the panels tested were loaded until 
attempts to apply additional load resulted only in additional 
strain of the test panel. This additional strain consisted of rais- 
ing higher sheet buckles in tests Nos. 1 and 2; raising higher 
sheet buckles and bending vertical stiffeners in test No. 3, and 
buckling the posts in tests Nos. 4 and 5. 


CONCLUSIONS 


In an actual car side a great deal more load beyond the critical 
shearing load can be carried by development of tension fields. 
Such a tension field is, of course, accompanied by extremely high 
deflections. These high deflections result in rotation of the door- 
post by the side sill and development of high fixed end moments 
which often result in failure of the doorposts or doorpost at- 
tachments in cars with unstiffened side sheets. 

The panels tested in tests Nos. 4 and 5 failed at 43,000 Ib, due 
to compressive buckling of the side posts; in actual car construc- 
tion the shear load is transmitted to the bolster by two posts, and 
hence a load of 86,000 Ib would be required to buckle the posts. 
Since the actual maximum shear load at the bolster of a 50-ton 
box or automobile car is 21,000 to 22,000 lb, the post-buckling 
factor of safety is approximately 4. 

The test and analytical results are in reasonably good agree- 
ment. The analytical critical shearing loads for the panels which 
failed due to buckling of the side sheets, are in all cases lower 
than the actual test critical shearing loads. A part of this dif- 
ference is undoubtedly due to Vierendeel-truss action of the 
frame consisting of the upper element, the side posts, and the 
side plate. It is apparent that a panel designed by the equations 
discussed in this paper would be suitable for the design loads. 

The longitudinal stiffeners were, in all cases, sufficiently large. 
The longitudinal ribs for test panel No. 2 were, in fact, much 
larger than necessary as a very small stiffener would have been 
sufficiently rigid to remain straight while the sheet buckled, It 
is, however, advisable to make stiffeners more rigid than ab- 
solutely necessary, as a panel with ribs with less than the required 
flexural rigidity would develop tension fields which may be ac- 
companied by permanent bending of the ribs. 


GREEN, DRINKA—CRITICAL SHEARING STRESS IN BOXCAR SIDES 


An examination of the test results indicates that test panel 
No. 1 with a flat unstiffened 15-gage side sheet had a critical 
shear load of 9250 lb. Panel No. 2 with 15-gage side sheets and 
two longitudinal stiffeners had a critical shear load of 13,150 lb; 
and panel No. 6 with 15-gage side sheets and six longitudinal 
stiffeners had a critical shear load of 39,400 lb. Thus the appli- 
cation of two stiffeners increased the carrying capacity of the 15- 
gage sheet only 3900 lb, while the application of six well-designed 
ribs increased the carrying capacity 30,150 lb. Therefore it is 
apparent that a hit-or-miss application of ribs is not necessarily 
of great advantage and that a girder, stiffened with ribs, must be 
carefully designed. 

Examination of the summary in Table.1 indicates that panel 
No. 5 is the most efficient panel from the standpoint of critical 
shearing load carried per pound of sheet. However, the load- 
carrying capacity of this panel is far greater than that required 
for a 50-ton boxcar, and for economic reasons either panel No. 
6 or panel No. 7 is more desirable. While panel No. 6 has a factor 
of safety of 1.88 which is higher than required, the added sheet 
thickness would increase the time required for corrosion to affect 
seriously the factor of safety. 

The critical shearing stresses for all of the test panels were low 


in comparison to the elastic limit of low-carbon steel. The maxi- 


mum critical shear stress encountered was the 4000 psi for test 
panels Nos. 4 and 5. Test panels Nos. 4, 5, 6, and 7 are well de- 
signed, and it would be uneconomical to stiffen a panel of the 
thickness encountered in boxcar construction to the extent re- 
quired to raise critical shearing stress to that permitted by ma- 
terial strength, although the load-carrying capacity of any of 
these panels could have been substantially increased by further 
stiffening. With a given stiffener spacing, the carrying capacity 
of a panel is proportional to the flexural rigidity of the sheet. 
Since the flexural rigidity is practically independent of the com- 
position of the steel and is primarily dependent on the plate 
thickness, the critical shearing load of the panels is not increased 
by the utilization of high-tensile material. 


Discussion 


O. W. Hovey.’ We are grateful to the authors for presenting 
this paper, and to Dr. Nystrom for authorizing the tests which it 
describes. The ribbed sides of The Milwaukee Road cars have 
been the subject of much observation and comment, and this 
paper shows that their use is based on sound structural theory. 

The paper points out the increased resistance to buckling ob- 
tained by the addition of the longitudinal ribs, and the consequent 
increase in rigidity of the car sides. It also mentions that the 
ultimate safety of the structure depends on the ability of the 
sheets to act in diagonal tension, which safety factor is retained 
by the effective continuity of the sheets across the lapped joints. 
By introducing longitudinal lapped ribs in the sheets, the posts 
can be spaced farther apart, or thinner sheets can be used, with 
consequent reductions in over-all weight. In fact, with this 
method of construction, the sheets could be considerably thinner 
than those now applied to The Milwaukee Road cars. 

In figuring the required section of the stiffening ribs, some 
method must be assumed for evaluating the loads which they 
carry, and thus determining their size. A convenient method is 
to assume that the shear on the car side at any vertical section 
is carried by a number of individual panels equal to the number of 
ribs plus one. As the shear in each of these subpanels has the 
same value vertically and horizontally, a horizontal traction oc- 
curs in opposite directions along the two edges of the rib. As- 


4 Development Engineer, Alloys Development Company, Pitts- 
burgh, Pa. Mem. A.S.M.E. 
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suming one side to be in tension and the other in compression, the 
rib may be figured as a column elastically restrained by its ten- 
sion side. it has been found that by applying one half of the 
shear in the subpanel as a column load on the stiffener, a rib of 
proper size to prevent buckling will be obtained. It should be 
noted that this load is applied with an eccentricity equal to the 
distance from the center of the sheet to the neutral axis of the 
rib. In figuring the properties of the rib, a portion of the sheet 
is included, the width of this strip being somewhat less than 
would act without buckling, at the assumed compression unit 
stress on the rib. 

The authors suggest that with the sheet thicknesses and sizes of 
ribs used in the tests, carbon steel would have resisted the buck- 
ling forces as well as high-strength steel. Thisis true for buckling 
considerations alone, because elastic-stability values are based 
upon the modulus of elasticity of the material. It does not hold, 
however, for ultimate values, because the strength of the rib as a 
column is a function of the yield strength of the material, and the 
ultimate shear value of the car side in diagonal tension is a func- 
tion of the ultimate strength of the material. Thus the high- 
strength steels afford an increased safety factor, or with their su- 
perior corrosion resistance permit lighter sections without any 
sacrifice in the life expectancy of the car structure. 


AUTHOR’s CLOSURE 


The authors wish to thank Mr. Hovey for his discussion and 
for the assistance he has rendered over a period of years during 
the development of the car sides described in this paper. 

Mr. Hovey suggests that the stiffening ribs be considered as 
columns ecentrically loaded with the shear load on one side as a 
uniformly distributed compressive load and the shear load on the 
other side as an elastic restraint. The shear load on each side of 
the rib is the total vertical shear load carried by the side times 
the reciprocal of one plus the number of stiffening ribs. Since all of 
the side panels described in this paper are to be designed to carry 
the same vertical shear load it is apparent that the stiffeners for 
panel No. 2 with two stiffeners must, according to the method 
suggested by Mr. Hovey, carry seven thirds of the load carried 
by the stiffener on panel No. 6 with six stiffeners. Thus it ap- 
pears that panel No. 2 requires a larger stiffener than panel No. 6. 
This is not in agreement with the results obtained by the method 
given by S. Timoshenko?’ which is described and applied in the 
paper. According to the method given by Timoshenko the 
stiffener required for Panel No. 2 must have a flexural rigidity of 
only 34,750 Ib-sq in. while that for panel No. 6 must be 360,000 
lb-sq in. Since the test results are in reasonably good agree- 
ment with the theoretical analysis presented by 8S. Timoshenko 
the authors cannot accept the method of designing stiffeners 
suggested by Mr. Hovey as reliable. The authors believe that 
if the shear load on one side of the stiffener is considered as a 
uniformly distributed compressive load on the stiffener as a col- 
umn, the shear load on the other side of the stiffener which is 
opposite in direction and equal in magnitude unloads the col- 
umn rather than provides an elastic restraint. Therefore, the 
authors recommend that the procedure presented by 8. Timo- 
shenko,* and outlined in the paper, be used for determining the 
proper size of stiffeners. 

The car side section used on The Milwaukee Road is designed 
to carry the car load limit without buckling of the side sheet and 
development of tension ties; this keeps the deflection from becom- 
ing excessive. However, as stated by Mr. Hovey, a stiffened side 
section with considerably thinner side sheets*than those used on 
The Milwaukee Road could be designed to carry the required 
load by permitting the formation of tension ties and the strength 
of such a side would be dependent upon the yield strength of the 
side sheet material. 
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Creep and Relaxation in Rubber Products at 
Elevated Temperatures 


By R. D. ANDREWS,’ R. B. MESROBIAN,! AND A. V. TOBOLSKY! 


The studies reported of creep and relaxation at elevated 
temperatures suggest possible methods of evaluating de- 
teriorative changes occurring inrubbers. Involving inter- 
mittent and continuous relaxation and creep measure- 
ments, the new methods seem to be readily amenable to 
molecular-structural interpretations. The practical value 
of these measurements, apart from their usefulness in 
fundamental scientific research, is apparent in cases 
where service deterioration occurs as a result of creep or 
relaxation. The usefulness and importance of these 
measurements of creep, relaxation, and modulus are not 
limited to the measurement of high-temperature oxidative 
deterioration in rubbers. The simple way in which they 
are related to molecular changes in the material being 
' studied should make them very valuable in the study of 
physical changes in polymeric materials in general, such 
as cold flow of plastics, drift of rubbers, low-temperature 
stiffening, permanent set, etc. 


HE creep of rubber products under conditions of con- 

stant load and their relaxation of stress under conditions 

of constant extension are interesting and important 
problems in themselves in many applications involving the use 
of natural and synthetic rubbers at elevated temperatures. In 
addition, recent studies of creep and relaxation at elevated 
temperatures suggest a new approach to the problem of evaluat- 
ing the deteriorative changes occurring in rubbers. Although 
conventional aging tests such as the oxygen-bomb test and the 
Geer oven test have proved their value as standardization 
methods, the results of these tests are rather difficult to interpret 
on the basis of fundamental physicochemical concepts. Inter- 
mittent and continuous relaxation and creep measurements, 
on the other hand, seem to be readily amenable to molecular- 
structural interpretations. 


EXPERIMENTAL METHODS 


The apparatus used for measurements of relaxation of stress at 
constant elongation and also of changes of modulus with time 
(‘Sntermittent relaxation’) has been described in a previous 
paper,? in which illustrations of the apparatus (which was con- 
structed by the Firestone Physics Research Division) are also 
shown. In principle the apparatus is simply a small beam bal- 
ance; the rubber samples, which are flat rings (21/1. in. OD, 
25/1, in. ID) died out of cured sheet approximately 0.040 in. 
thick, are looped around a pulley attached to the short end of the 
balance beam and are extended from outside the temperature 


1 Frick Chemical, Laboratory, Princeton University, Princeton, 


2“Stress Relaxation of Natural and Synthetic Rubber Stocks,” 
by A. V. Tobolsky, I. B. Prettyman, and J. H. Dillon, Journal of 
Applied Physics, vol. 15, 1944, p. 380. Reprinted in Rubber Chem. 
Technology, vol. 17, 1944, p. 551. . 

Contributed by the Rubber and Plastics Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of 
THe AMBPRICAN Society or MECHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Fic. 1 Creep APPARATUS 


box. The moment exerted by the stretched rubber band on the 
short lever arm is balanced by suspended weights and a rider 
on the other arm of the beam. During the experiment the 
length of the stretched band is maintained constant to within 
0.2 per cent, because the long lever arm is allowed to swing over 
only a small angle on either side of the horizontal position. 

Measurement of the change of modulus with time can also 
be made with this apparatus, and these studies have been called 
‘Sntermittent relaxation” studies inasmuch as the measurements 
are made in exactly the same way as the measurements of con- 
tinuous relaxation of stress, except that the sample is elongated 
to the fixed length only momentarily at the time of a measure- 
ment, remaining unstretched at all other times.* 

Measurements of the creep of samples supporting a constant 
load are made in a very simple way. A frame, shown in Fig. 1, 
is used, which has four pulleys attached along a crossbar at the 
top. The samples used are smaller rings (17/s in. OD, 11/2 in. 
ID) died from the same cured sheets as the rings used in the 
relaxation measurements. Pulleys engage the bands at the bot- 
tom also and support the weights which are hollow, cylindrical, 
copper cans whose weight is adjusted by filling with lead shot. 

The samples are extended between sections of meter stick 
which are held vertically from the top crossbar. Two pairs of 
phonograph needles are set diametrically into the lower pulley 
and bracket the adjacent meter sticks, thus serving to indicate 
the elongation as well as to keep the samples in position. 


* The change of modulus with time can also be measured on creep 
apparatus (‘intermittent creep’’), by applying the load to the 
sample only at intervals when a reading is taken, by the method 
shown in Fig.1. This method isin general not as convenient as the 
“intermittent relaxation’? method, however. 
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THEORETICAL DiscusslIoN—CONTINUOUS RELAXATION OF STRESS 


According to modern structural concepts, soft vulcanized rub- 
bers are three-dimensional networks of long-chain molecules 
cross-linked by chemical bonds introduced during the vulcaniza- 
tion. The portions of the network between contiguous cross- 
linking juncture points are known as network chains. The 
changes that occur in the properties of rubber due to the effects 
of heat and exposure to air and light are collectively known as 
aging. It has been repeatedly demonstrated that aging must 
be considered a chemical reaction occurring in the presence of 
oxygen. For this reason the rubber bands used in these stud- 
ies were made sufficiently thin to allow a homogeneous pene- 
tration of oxygen. 

The results of the studies of continuous and intermittent re- 
laxation and creep have demonstrated that two competing reac- 
tions are responsible for the deteriorative changes occurring in 
rubbers. One of these reactions is a scission of the network 
chains of the rubber and the other is a cross-linking reaction. 
Both these reactions must be intimately related inasmuch as 
they occur with comparable rates over the entire temperature 
range. This fact suggests that the activation step for both 
reactions may well be the same. 

The measurement of relaxation of stress at constant extension 
at elevated temperatures provides a means of isolating the scis- 
sion reaction inasmuch as cross-links tend to form between 
molecules which are in a relaxed position and so have no effect 
on the stress. The decay of stress is presumed to be due to 
the cutting of some chemical bond in the network chains. Ac- 
cording to the most satisfactory theory of rubber elasticity yet 
available, the stress is proportional to the concentration of net- 
work chains (or to the concentration of cross-linkage) in the 
rubber, and so the rate of decay of stress is proportional to the 
rate of chain scission. 
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Fig. 2 shows the results of stress-relaxation studies on five 
different types of rubber. The experiments were carried out 
at 100 C, and 50 per cent elongation. The ordinate is stress at 
any given time divided by initial stress, and the abscissa is 
logarithmic time. For purposes of comparison the same data are 
replotted in different ways in Figs. 3 and 4. 

It is clear from these figures that the different polymers are 
characterized by quite different relaxation curves. The order of 
rate of relaxation from the fastest to the slowest is as follows: 
Neoprene, Hevea, Butyl, Butaprene N, GR-S. 


The other facts concerning the relaxation curves are: 


1 The rate of relaxation can be slowed a thousandfold by 
careful exclusion of oxygen. 
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2 The relaxation curves are relatively independent of elonga- 
tion up to high elongations. 

3 The relaxation curves are not markedly altered by the 
presence of carbon black in the vulcanizate. In certain cases 
the presence of carbon black has a slight accelerating effect 
(see Fig. 5); in Neoprene, however, the presence of carbon black 
decreases the relaxation rate. 
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4 The relaxation curve for Hevea gum follows a simple ex- 
ponential decay law. The relaxation curves for other polymers 
can be fitted by a sum of exponential decay terms. 

5 The effect of temperature on the rate of relaxation obeys 
the Arrhenius law for chemical reactions, namely 


ee See EEE Ae a eee aoe eee Poe A 
where k’ is the specific rate, HZ is the energy of activation, and A 
the so-called frequency factor. Fig. 6 shows the dependence of 
the relaxation curve on temperature for Hevea gum. The 
calculated energy of activation for relaxation turns out to be 30.4 
keal in this case. 

6 The effect of the type of vulcanization (e.g., sulphur versus 
sulphurless cures) is not as important a factor in the stress-re- 
laxation curve as the polymer type. 
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7 The presence of certain antioxidants in the vulcanizate 


) definitely retards the rate of relaxation. 


Srupies of INTERMITTENT RELAXATION 


Figs. 7 and 8 show the results of so-called intermittent re- 
laxation of stress measurements on Hevea and GR-S gum and 
tread vulcanizates at 130 C. As previously noted, these meas- 
urements are nothing more than periodic measurements of the 
50 per cent modulus and are plotted in Figs. 7 and 8, in terms 
of stress at time ¢ divided by stress at zero time. It is to be 
noted that the intermittent relaxation curve for Hevea shows 
that the modulus initially decreases. In certain experiments 
where the rubber bands did not rupture, this initial decrease 
was followed by a subsequent increase. In the case of GR-S, Fig. 
8 shows that the modulus increases with time. In these experi- 
ments Butyl rubber shows a continuous modulus decrease, 
whereas Neoprene and Butaprene N, like GR-S, show a con- 
tinuous modulus increase. 

In terms of molecular concepts, the change of modulus with 
time measures the “net rate” of cross-linking and scission. For 
this reason the intermittent relaxation curve never decreases 
as rapidly as the continuous relaxation curve even when scission 
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is predominant as in the case of Butyl and Hevea. The rise of 
modulus with time in the cases of GR-S, Butaprene N, and Neo- 
prene indicates of course that in these rubbers cross-linking is 
taking place more rapidly than scission. 


CREEP STUDIES 


Figs. 9 and 10 show the results of creep studies on Hevea gum 
at 120 C. Here the creep data are plotted in the form of per 
cent elongation as a function of linear and logarithmic time. It 
certainly is reasonable to suppose that the same chemical re- 
actions which are responsible for stress relaxation must be re- 
sponsible also for creep. A theoretical interpretation of these 
data‘ has indicated that creep and relaxation should be related as 
follows 


where f/fo represents the fraction of original stress at time ¢ in 4 
stress-relaxation experiment, J represents the length at time ¢ in 
a creep experiment, J) the initial length and lJ, the unstretched 
length. 


. . ins 
It is therefore useful to define a creep function, s/s9” 


4 “Systems Manifesting Superposed Elastic and Viscous Behavior,”’ 
by A. V. Tobolsky and R. D. Andrews, Journal of Chemical Physics, 
vol. 13, 1945, p. 3. 
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Fig. 11 shows the data presented in Figs. 9 and 10, replotted 
in terms of the creep function against logarithmic time. The re- 
laxation curve at the same temperature is also shown, and it is 
apparent from these graphs that the creep function is nearly 
identical with the relaxation function and is largely independent 
of the initial elongation used in the creep measurement. The 
same identity of the creep and relaxation functions has been ob- 
served for Butyl gum. However, as is shown in Fig. 12, creep 
is definitely slower than relaxation for GR-S; this is also true 
for other rubbers which harden rather than soften at elevated 
temperatures. It has also been observed that the deviation be- 
tween creep and relaxation is greater in tread stocks than in the 
corresponding gum stocks, For example, a noticeable deviation 

’ between creep and relaxation is observed in Hevea and Butyl 
tread stocks, though such a deviation does not appear in the gum 
stocks, 

Equation [2] has been derived on the assumption that the ob- 
served creep is due only to the scission reaction. This is largely 
true because at any given moment all cross-links form in a re- 
laxed position. However, as the creep progresses the newly 
formed cross-linked chains do have a retarding effect. There- 
fore it is not surprising that in cases where cross-linking is 
pronounced, the creep function is somewhat slower than the re- 
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laxation curve. Despite this effect of cross-linking, however, 
creep curves of different rubber stocks will show the same gen- 
eral differences as the continuous relaxation curves of the same 
stocks, and so give a general comparison of the rates of oxidative 
scission in various rubber stocks. 

The practical value of these measurements, apart from their 
usefulness in fundamental scientific research, is immediately ap- 
parent in cases where service deterioration occurs as a result of 
creep or relaxation. It should be remembered, however, that 
these measurements are carried out on thin samples in which 
oxidation is homogeneous. When thick samples are to be used in 
service, these measurements should be made on samples of the 
same thickness, for the experimental data to have a direct rela- 
tion to service deterioration. A particularly interesting practical 
aspect of these studies is that they show (by the great difference 
between intermittent and continuous relaxation curves) that 
the failure of rubber products in service at elevated temperatures 
will depend largely on whether the rubber is subjected to con- 
tinuous or only to intermittent deformation. Failure will oc- 
cur more rapidly under continuous deformation, since failure 
under those circumstances depends primarily on the scission 
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reaction;. under intermittent deformation, failure will result from 
the net effect of both reactions, and changes will take place more 
slowly under these circumstances. The behavior of Neoprene 
illustrates very well the value of making this distinction. Neo- 
prene relaxes and creeps most rapidly of all the various rubber 
types studied. However, the modulus of Neoprene changes more 
slowly with time than is the case with most of the other rubber 
types (as is seen from comparison of their “intermittent relaxa- 
tion” curves). Therefore, Neoprene will fail very quickly when 
under continuous load at high temperatures, but should have a 
longer service life than most other rubbers when used in ap- 
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plications which involve only momentary intermittent loading. 

The usefulness and importance of these measurements of 
creep, relaxation, and modulus are by no means limited to the 
measurement of high-temperature oxidative deterioration in 
rubbers. The simple way in which they are related to molecular 
changes in the material being studied should make them very 
valuable in the study of physical changes in polymeric materials 


573 


in general, such as cold flow of plastics, drift of rubbers, low- 
temperature stiffening,‘ permanent set, etc., since all these 
changes in physical properties have their basis in fundamental 
molecular changes of the type which are reflected in these meas- 
urements. Many new applications of these experimental 
methods will undoubtedly develop with increasing realization 
of their possibilities. 
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Investigation of Influence of Ring Size, 
Bobbin Diameter, and Spindle Speed on 
| Spinning Process, and Their Effect 


on Over-All Cost of Spinning 


By A. N. SHELDON! anp J. J. BLAKE? 


From mathematical formulas and data by Dr. Wil- 
helm Stiel? the authors have developed a series of charts 
; from which may be predetermined with a fair degree of 
accuracy, the optimum diameters of ring and bobbin, and 
speed of spindle, for spinning any size of cotton yarn from 
any length of staple, carded or combed. The results 
| derived coincide closely with general practice. The use of 
the charts is explained in some detail by application to 
specific cases, leading to the prediction of spinning costs 
under various conditions of spindle speed, ring and bobbin 
sizes, and the like. 


N so far as the authors are informed, there has never been 

published in the textile literature any chart from which 

could be predetermined, with approximate accuracy, the opti- 
mum diameter of ring and bobbin and speed of spindle, for spin- 
ning any size of cotton yarn from any length of staple, carded or 
combed. In an attempt to fill this hiatus, the graphs which ac- 
company this text have been prepared. The several curves 
making up Fig. 1 are derived from mathematical formulas and 
data developed by Dr. Wilhelm Stiel.2 These have been care- 
fully analyzed and are believed to be correctly deduced and 
adapted; at any rate, the derivative results appear to coincide 
rather closely with general practice. 

The basic formula is as follows 


_ (2X 3.14)? X R, X Gz X No? 


T 
g X F(¢) X 612 


, in which 


T = tension in grams 
R, = ring radius in meters 
G, = weight of traveler in grams 
No = traveler speed or revolutions per minute 
g = 9.81 (acceleration in meters per second) 
F(¢) = factor, depending on spindle speed, coefficient of 
traveler friction, and ratio of bobbin to ring diame- 
ter 


Inspection of the chart will readily demonstrate its utility, but 
probably an exemplary solution of the formula and a brief de- 
scription of the use of graphs will facilitate their interpretation. 


1 F, P. Sheldon & Son, Providence, R.I. Mem. A.8.M.E. 
?F, P. Sheldon & Son, Providence, R. I. 

3 ‘Textile Electrification,’’ by Wilhelm Stiel, Geo. Routlege and 
Sons, Ltd., London, Eng., 1933, pp. 178-261. 

Contributed by the Textile Division and presented at the Annual 
Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of Taz AMpRICcAN 
Socimry or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 


the Society. 


APPLICATION OF EQUATION 


For a typical application of the equation, we will consider No. 
20’s carded yarn spun from 11/j.-in. cotton, spindle speed 9000 
rpm, with 2'/.-in. ring, bobbin diameter 4/2 in., and No. 2/0 
traveler weighing 0.0518 g. We will also assume a slip of 3 
per cent between spindle speed and traveler speed. Adopting 
these values in the preceding formula, we have 


R, = 0.0286 
No = 9000 — 270 = 8730 


These constants supply all of the unknown quantities on the 
right-hand side of the equation, except F(¢), which is deter- 
mined from the charts, Figs. 2 and 3. From the curve in Fig. 2, 
we ascertain the coefficient of friction between traveler and ring, 
designated by the letter u, which, for the example chosen, is 0.23. 
(For complete data on determination of coefficient of traveler 
friction, refer to an article* by A. Liidicke.) The vertical line at 
9000 rpm spindle speed cuts the curve at point 0.23. Then, 
having found u, we refer to the corresponding curve, 0.23, Fig. 3, 
on which the abscissa is graduated into divisions representing the 
ratio of bobbin diameter to ring diameter. In this instance, 
aif 
21/4 
pendicular line until it intersects curve 0.23 and find the corre- 
sponding value of F(¢) on the left-hand margin to be 4.4 

We now have all of the quantities to be substituted in the 
fundamental equation for computing the value of T, as follows 


_ (2 X 8.14)? X 0.0286 X 0.0518 Xx (8730)? 
= 9.81 X 4.4 X (61)2 


= 0.222. From this point on the abscissa we raise a per- 


tt = 27.7 g 

Referring to Fig. 1, for No. 20’s yarn, the scale at the right- 
hand margin denotes various staples of carded K and combed 
C cottons from which the yarn is spun, while the scale at the 
left-hand margin shows the safe spinning tension for these staples. 
The scale at the bottom of the chart gives the ratio of bobbin 
diameter to ring diameter for the particular condition under 
consideration. 

Suppose, for instance, it is desired to determine the several 
combinations of ring diameter, bobbin diameter, and spindle 
speed suitable for commercial 11/,s-in. carded cotton. From 
11/,5 in. K at the right-hand margin draw a horizontal line to the 
left-hand margin, indicating a safe tension of 27 to 27.1 g. Any 
point above this horizontal line indicates an excessive tension, 
and any point on or below the line, a safe tension to adopt. This 
line crosses first the curve of 9000 rpm and 1/2-in. bobbin, just 


4“A Study of the Ring Spindle” (translation of title), by A. 
Liidicke, Dingler’s Polytechnisches Journal, 1881, pp. 334-345. 
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ALLOWABLE TENSIONS FOR SPINNING VARIOUS LENGTHS OF STAPLE 


COMBED» ” 
OM LENGTH STAPLE “GIVEN. 


KINDIGATES CARDED COTTON YARN 
WEIGHT OF TRAVELER =.8 GRAINS 
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below the 21/,-in. ring, indicating that a 21/,-in. ring, under 
these conditions, would not be satisfactory. It next crosses the 
9000-rpm curve with */s-in. bobbin just above the 2'/,-in. ring, 
indicating that 21/;-in. is satisfactory. Next it crosses the 11,000- 
rpm curve with 1/,-in. bobbin just above the 1/,-in. ring, and 
then crosses the 9000-rpm curve with 3/,-in. bobbin just above 
the 2'/,-in. ring, indicating that either a 13/,-in. ring at 11,000, or 
a 21/>-in. ring at 9000 rpm would be satisfactory, with a 1/2- 
in. bobbin in the first, and a */,-in. bobbin the second instance. 

Continuing this line from right to left until it crosses the 
11,000-rpm curves with 1-in. and 11/s-in. bobbins, we find that a 
21/,-in. ring is slightly too large in the first case but satisfactory 
in the second. 

Next, suppose a spinning frame is already equipped with 2!/2- 
in. rings and 5/;-in. bobbins, and it is desired to determine the 
optimum speed, with 1*/,s-in. carded staple. First, we drop a 
vertical line from A (the 2'/2-in. ring on the 9000-rpm curve with 
5/-in. bobbin) to B (the 2!/,in. ring on the 7000-rpm curve 
with 5/,-in. bobbin) and note its intersection with the horizontal 
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Fig. 3 F (¢) as A FUNCTION OF ¢ = - = 
line through 11/;,in. K, at C. Obviously, the suitable speed, with 
21/,-in. ring and */,-in. bobbin, lies between A and B, at point C, 
which is ascertained by finding the ratio of CB to AB, that is, as 
7 is to 9. Since the difference between 9000 and 7000 is 2000, 
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we add to 7000 the product of 7/9 X 2000, or 1555, and find that 
8555 rpm is the optimum speed for the conditions imposed 


PowER REQUIRED 


The horsepower required for each ring size and speed, enumer- 
ated in the tabulation which follows, has been carefully computed, 
according to a formula devised by E. A. Untersee.® 


1,808 
rey 
indle = 0.000284 < R1.42 9 
Hp per spindle = 0.000284 X x Gs) 


in which & = ring diameter in inches, and rev = speed of spindle 
per minute. 

From subsequent analysis, it is obvious what critical factors 
are power and fixed charges in the cost of spinning. The con- 
servation of power, in this process, would appear to deserve 
serious consideration, perhaps by reducing the weight of the 
spindle through the use of some suitable combination of alumi- 
num and magnesium, perhaps by driving each spindle with an 
individual motor (similar to the motor drive of rayon spindles), 
and so eliminate all tapes, tension devices, and cylinders, or by the 
adoption of both expedients; or by the use of ball-bearing spindles, 
provided this expedient does not increase fixed charges too much. 

With the present mechanism, the power required to drive 
spinning frames is all dissipated in friction or in heat—more than 
sufficient to heat the spinning room to a comfortable tempera- 
ture in winter, even in a northern climate; and which in summer 
months presents a serious problem in air conditioning. In either 
case, there is a serious waste of power in the form of heat. 

In constructing the chart, Fig. 1, the skein break strength, as 
determined by our original formulas (charts Figs. 4 and 5), has 
been divided by 160, to ascertain the corresponding single-strand 
strength, which in turn has been converted into grams for the 
scale at the left-hand margin. We realize that this procedure 
may be subject to criticism, since the average ratio of skein-yarn 
to single-yarn strength, as determined by numerous tests of a 
great variety of cottons, is between, say, 100 and 120 to 1, rather 
than 160 to 1. On the other hand, to insure good running work 
with a minimum of ends down per hundred spindles per hour, it is 
necessary to consider the weakest, rather than the average 
strands, since, obviously, it is the failure of the weakest sin- 
gle strands that controls the result. After reviewing the records 
of many single-thread and skein break tests, of a wide range of 
yarns, we have found that dividing the skein break by 160 gener- 
ally indicates the minimum single-yarn strengths. 

In arranging the scale at the left-hand margin of the chart, 
we have adopted a factor of safety of 10, instead of 14 as sug- 
gested by Oertel,* and as used previously by the authors, as it 
appears from several mill tests that 10 is a conservative factor 
touse. That is to say, for computing the single-strand strength, 
we divided the skein break strength, as determined from our for- 
mulas, first by 160, and then by 10. 2 


EFFeEect ON YARN TENSION OF INCREASING SPEED AND RING S1zE 


To show the effect on the yarn tension of increasing the speed 
and ring size, the following examples will be cited: 

Referring to Fig. 1, for No. 20’s yarn, it will be observed that 
increasing the spindle speed from 7000 to 9000 rpm with a 21/,- 
in. ring and 5/s-in. bobbin, the tension is raised from 17.47 to 
24.9 g, or 42 per cent; and increasing the speed to 11,000 rpm 
raises the tension to 34.46 g, or 97 percent. Again, if the ring size 
is increased from 18/, in. to 2 in. with 1/:-in. bobbin at 9000 rpm, 
the tension is raised from 18.92 to 23.62 g, or 25 percent. Witha 


6 “The Characteristics and Power Requirements of Spinning 
Frames,” by E. A. Untersee, Trans. A.I.E.E., vol. 59, 1940, pp. 1-4. 
6 See Reference 3, p. 200. 
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21/,-in. ring, the tension is raised to 27.46 g, or 45 per cent, and 
with a 21/,-in. ring, the tension is raised to 32.15, or 70 per cent. 

Obviously, these variations in tension must affect the quality 
of the yarn produced. If larger packages are desired in order to 
reduce the number of piecings, they must be acquired with the 
acceptance of contingent factors more or less undesirable, and the 
spinner must choose that expedient which fits his particular neces- 
sity best. 

It is not pretended that the results deduced herein are of abso- 
lute validity, but we believe that the graphs and the method by 
which they are derived are sufficiently consistent with spinning 
practice to afford a safe guide to a judicious choice of ring sizes, 
bobbin diameters, spindle speeds, etc., for most conditions occur- 
ring in the spinning process. 

Also, while the chart, Fig. 1, embraces bobbins of !/¢ in. diam, 
we realize that under some circumstances such a small bobbin may 
be impracticable. 
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Fic. 6 Dr1aGRAMMATIC SKETCH AT BALLOON 


(Incidentally, the graphs in Fig. 1, if plotted on full logarithmic 
paper, become straight and parallel lines.) 


Factors AFFECTING SPINNING FUNCTIONS AND Costs 


To further illustrate the utility of the theoretical conception 
of this general problem, we will consider No. 20’s carded yarn, 
spun from 1!/;.-in. staple, and deduce all of the factors affecting 
the spinning functions and spinning costs. 

Prof. George Lindner’ has developed a formula proving that 
the shape of the balloon is a sine curve and from this deduction 
establishes the equation 


r 


180 — arc sin 
a 
90 


See Fig. 6, in which 
h = distance from thread guide to bottom layer of thread on 
bobbin, m 


7“Balloon Shape, Yarn Tension and the Position of the Traveler 
in the Ring Spinning Machine”’ (translation of title), by Georg Lind- 
ner, Monatschrift fiir Textil Industrie, 1910, pp. 213-216. 
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TABLE 1 FUNCTIONAL DATA FOR SPINNING NO. 20’S YARN WITH VARIOUS RINGS AND SPEEDS 
PEIN ISI AN os scielniore she nies s elele io oe eetorerere aie 13/, 17/ 17 17 2 23 23 23/6 
PSOD OUI AIA Ms Ayiais sioiererece'< avelelsy avoiele enereia aie VA Wf i i! 5/s ty i it 4 
ISRO wees Setar wa on eieeiiers elie micicleinierseyatectais 33/4 33/4 33/4 33/4 33/4 33/4 4 41/4 
Bpindle speed, rpm seen. tence cisinceie en sas 11000 9000 10000 11000 11000 10000 9000 8000 
OPENS OLS sale osiclolreterelsielsisiaic) sloveunee ieee eee 0.1328 0.1621 0.1462 0.1328 0.1328 0.1462 0.1621 0.1814 
BE DUNCRES sa. sc. brctee eek e anal see eevee ar ne 8. 10.6 9.58 8.71 8.58 9.25 10.37 11.00 
Wea Vls PAQUETES Pope, «.-.c/ Reh /o/erscwva/e ate va lattinvere cick 0.224 0.270 0.243 0.221 0.218 0.235 0.264 0.277 
Weight of traveler in grams....... 0.05243 0.0672 0.05587 0.04702 0.04756 0.05360 0.06086 0.05868 
Approx weight of traveler in grains. 0.80 tag 0.85 0.75 0.75 0.85 0.95 0.90 
Approx number of travelers....... c 2/0 11/2 11/2/0 3/0 3/0 11/2/0 1/s 1/0 
WAY LONSIONUN: PTAMIS vevicisis eles) demtonreelche 6 27 27 2 27 2' 2 27 27 
TABLE 2 COMPARATIVE COST OF SPINNING NO. 20’S YARN 
1-1/16" Cotton - Wwist Constant 4.50 - Turns per ineh 20.12 
Production 44,500 lbs. per 80 hr. week - #20's Yorn 
Ring 
Dismeter 1-3/4" 1-3/4" 1-3/4" 1-7/8" 1-7/5" 1-7/8" 2" 2-3/16" 2-3/8" 2-3/4" 
Bobbin 
Diemeter” J/ar  d/ear dee /ev 1a" j/ew s/en 3/4" 7/87 1 
Traverse 7-3/4" 6-2/4" 5-3/4" 7-1/2" 6-1/2" 5-3/4" 5-1/2" 6-1/4" 7-3/8" 8" 
Gauge 3-3/4" 3-3/4" 3-3/4" 2-3/4" 3-3/4" 3-3/4" 3-3/4" 3-3/4" 4 4-1/4" 
Spindle 
Speed 9000 10000 11000 9000 10600 11000 11000 -10000 9000 8000 
Yds.on 
robbin 3538 3055 2562 3969 3391 2961 $339 4200 5932 8736 
sets 
fer Wk. Woycieyey zak Gees “elypowis)  alentepl alley 24.0 21.33 15.53 9.94 6.0 
Lbs.per 
Spindle 3.5 3.86 4.20 Ke) 3.85 4.23 4.24 3.88 Son! 3.L2 
No.of 
Spindles 12714 11528 10595 12714 11528 10595 10595 11528 12678 14262 
Cost per Wk. 
Spi aning VELA PEC OOS pe close LO. SNS oO mmo me MoU mG! COOMmemCD ten gr eSbls 
Doffing 158. 184. Cole 141 165. 191 170. 135 95. 65. 
Winding 300. 047. 424, 270 ellehes 359 S21 255 186. 131. 
TVs Sip Seen SGCee Gis Guees ysis Seway Saatiag, Tecieike 
Day Labor 442. $58. 358. 442. 358. 358. 358 358. 442, — 442, 
S154. Slo.) Sueeis S107. SlOC6H SILO SLOG TS 961.977. S925 
Power 424, 461. 504. 462. Se 558. 614. 640. 650. 731. 
SIS7On elbeOwsl7 25a Spo.) Sln7on SlO7Gn SOTommoloODleohoote Blood. 
FixedChgs. 651. 603. OO. 658. 612. Of4. 1 5826) 650. 708. 823. 
$2229. S263. 2292. Gle27. ¥L2l90. se252. $2257. Fe2251. $2535. $2477. 
Roll Cover. j 
Spd1.0il, 
Travelers, 
etc. eats 20. S}A 22. 20. 18. 18. 20. yee 24. 
Seon POLOSs GHoLO- YLE49.) geLlO. GeLe70. $2275. GELTL. FE507— Deol. 
Air Cond. 
to706 Rete leo. 133. 145. 133 148. Mess us 185. 188. 211. 
TOTAL $2374. $2536. $2455. $2382. yeso8. F2451. $2452. 32456. $2545. $2712. 
Add'l Cost 
for Doffing 
& Winding 
with 5/8" 
Bobbin 28. 32. 14, Oke ma CU ptc tes 
TOTAL $2402. $2368. $2469. $2406. $2383. $2455. 


b = distance from thread guide to maximum displacement of 
balloon, m 

radius of ring, m 

maximum displacement of balloon, m 


R, 
a 


He also shows that the yarn tension in grams 
Ni? X hh? 90 2 
T= 612 XN, 


peel 
180 — are sin — 
a 


which is equivalent to 
No? X B? 
612 DN, 


in which Np revolutions of traveler per minute, and N, = 
counts of yarn, English system. 
Having determined 7, we can predict the weight in grams of 


traveler required, from the following formula’ 


_ 7X9 X Fg) X 61? 
(2 X 8.14)? X R, X Ny? 


L 


We have assumed, in each instance, that a in Fig. 6 equals 
one half of the gage of spinning frame so that the threads at 
maximum ballooning theoretically will not collide with each 
other without separators. 


8 Footnote 7, p. 1. 
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To demonstrate the validity of the foregoing formulas, we 
have chosen several examples adopting the maximum traveler 
speed suggested by some of the machinery builders, as follows: 


2-in. ring at 11,000 rpm 
2 3/,¢-in. ring at 10,000 rpm 
2 §/;-in. ringat 9000 rpm 
2 3/,in. ring at 8000 rpm 


and, for comparison, have added 


1*/,-in. ring at 9000, 10,000, and 11,000 rpm 
17/s-in. ring at 9000, 10,000, and 11,000 rpm 


The results are given in Table 1. 

Based on Table 1, the comparative cost of spinning No. 20’s 
yarn, from 11/,¢-in. staple carded, would be as given in Table 2, 
in which the rate of wages per hour is 55 cents for spinners, 61 
cents for doffers, 54 cents for winders, and 48 cents for sweepers, 
cleaners, oilers, and roving men. 

Table 2 suggests that for No. 20’s yarn made from 1!/,.-in. 
carded staple, the minimum over-all manufacturing cost is ob- 
tained with a spindle speed of 10,000 rpm, 1%/s-in. ring, !/2-in. 
bobbin, and 63/,-in. traverse, No. 1 traveler, and 33/,-in. gage, 
without separators. With 17/s-in. ring, at the same speed, but 
with 61/2-in. traverse, the cost is only slightly more. 

Considered as a group, the use of 1%/,-in. or 17/s-in. rings, at 
either 9000 or 10,000 rpm, with either 1/2-in. or °/s-in. bobbins, 
is apparently more economical than these same rings at 11,000 
rpm, or than any of the larger rings. Probably with the use of 
separators the gage for the 15/,-in. and 17/s-in. rings could be re- 
duced to, maybe, 31/,in. or 31/2 in. 

At 11,000 rpm for 14/,-in. and 17/s-in. rings, and at the revolu- 
tions per minute specified in the tabulation for 2-in. rings and 
larger, the critical speed of travelers may be exceeded. Conse- 
quently, it might be necessary to reduce these spindle speeds 
appreciably, which in turn would diminish the production per 
spindle and so increase the number of spindles, and therefore 
increase the manufacturing costs above the figures given in Table 
2. 

It will be noted from the foregoing data that the yarn tension 
and weight of traveler vary as the square of distance h, provided 
the speed, ring diameter, and bobbin diameter remain constant. 
The yarn tension varies as the square of the spindle speed, pro- 
vided the traverse, diameter of ring and bobbin, and distance b 
remain constant. Also, for 1#/,-in. and 17/s-in. rings, the traverse 
can be increased 1 in. for each reduction in spindle speed of 1000 
rpm, 


Discussion 


F. E. Banrrexp, Jr.? With nearly half, or about 13,000,000 
spindles in place in this country, over 30 years old, the industry is 
faced with an extensive postwar program of replacement and 
modernization. 

For a number of years, the trend has been toward the use of 
larger-diameter rings and longer traverses so as to reduce doffing 
periods, provide longer lengths of yarn with fewer knots or piec- 
ings, and thereby obtain greater economy in subsequent opera- 
tions. These larger packages can be obtained only at some sacri- 
fice in spinning costs as the authors have indicated. Power 
requirements are increased approximately by the square of the 
spindle speed. ‘There is a limit to which the speed of travelers 
can be run efficiently, and as the speeds are increased the number 
of ends down are also increased. Therefore, there is a limit to the 


* Works Manager, Whitin Machine Works, Whitinsville, Mass. 
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ring size and speed for a given size and quality of yarn beyond 
which it is not economical to go. Any savings obtained from 
larger packages must be weighed carefully against their increased 
costs. 

Reference was made in the paper to the Untersee formula. 
The object in developing this formula was to provide a means for 
determining the amount of power that a spinning frame of a 
given number of spindles, diameter of ring, and spindle speed 
would require so as to insure the furnishing of the proper size of 
motor. 

Subsequent to working out the formula which the authors 
have used, Mr. Untersee revised it to include another variable, 
namely, the yarn size, and at the same time increased the 


(rpm) 1.8 (rpm)?-%4 “ii 
awn =a as tollows: 
1000 1000 
00003055 (rpm)? 
Hp/spindle = Go: « R22 Xx ae 
where 
S = yarn size 


R =ring diameter, in. 
rpm = spindle speed 


This formula was based on data obtained from a large number of 
tests made under our supervision, not only at our plant but also 
supplemented by those made in a number of mills under actual 
operating conditions. This work was carried out by Untersee 
over a period of years, during which a considerable amount of 
data were collected; and experience has shown it to be a safe 
guide to follow. 

It is to be regretted that Mr. Untersee’s premature death pre- 
vented his work from being carried further along lines of including 
other variables, such as length of traverse, traveler size, etc. 
However, the formula he has given us is valuable as far as it 
goes and it is to be hoped that the work will be continued by 
others interested in the problem. The use which the authors 
have made of this formula is comparative. For their purpose it 
would seem to be quite adequate for, as they point out, they do 
not pretend that the results deduced are of absolute validity but 
are sufficiently consistent with spinning practice to afford a safe 
guide to follow in working out this problem. 

It should be pointed out that the power consumption varies 
considerably from empty to full bobbins. The formula takes 
into consideration the ring diameter only and is based on the 
bobbins being full. Therefore, the power required for a com- 
plete doff from empty to full bobbins will be less than that derived 
from the formula. 

The writer recommends that consideration be given to carrying 
this investigation further and believes that it is of sufficient im- 
portance to the industry for the Textile Division of the Society to 
establish a committee for this purpose. 


C. H. Harrican.’ During the last 10 years, the French Ring 
Spinning Department of the writer’s company has made use of 
improvements such as variable-speed motors, roller-bearing 
spindles, autolubricated rings, revolving underclearers, balloon 
controllers synchronized with the ring rail, and our own make of 
antimarriage (double-spin) preventers, which has made it pos- 
sible to run many counts and twists of worsted yarn at around 
9000 spindle revolutions. 

The yarns thus produced are superior to anything previously 
made here, and the weave shed now demands that all their warp 
yarns be ring-spun. The mules are now used only for medium 
counts of yarn that are to be twisted, or for filling. 


. Forstmann Woolen Co., Garfield, N. J. 
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We have also overcome the old hurdle of maximum traveler 
speed by using a metal different from the high-carbon steel com- 
monly used in the trade. In this connection, we are running 
twisters with 4-in. rings at 7500 spindle revolutions, which is 
about 11/2 miles per m, and travelers last at least 40 hr before 
changing is necessary. 

This answers the conception that high spindle speeds are im- 
practical because of traveler trouble. The writer suggests that 
improvements in the machines to overcome vibration, such as 
line shaft and pulleys to replace tin cylinders, lighter metal in 
spindles, antifriction bearings, so made as to prevent oscilla- 
tion, and mounting of machines on concrete footings might easily 
make possible 15,000 revolutions spindle speed, since we have 
already done 12,500 on 3-in. rings (on a 20-spindle trial frame) 
and made first-class yarn up to 64’s metric. 


N. M. Mrrcuertt.!! This subject represents a problem which 
has confronted mill management from the time ring spinning 
was invented. In general, spinners and spinning-equipment 
manufacturers have considered the broad subject one which 
could best be solved through experimentation. 

The activities of industrial and cost engineers in the textile in- 
dustry require a technical and theoretical approach to the ques- 
tion of what is the proper ring diameter, bobbin size, spindle 
speed, or traveler for specific counts of yarn, spun:-from various 
lengths of staple. In the majority of instances this information 
is found through analysis of available records covering activities 
in various mills and experimenting with whatever seems to indi- 
cate will best meet the services or requirements for the specific 
count of yarn under consideration. 

Analysis of the present paper indicates the need for giving all 
factors entering into the formulas extremely careful considera- 
tion. The theories presented are generally logical but in prac- 
tically every instance there is room for criticism from the stand- 
point of practical spinning operations. 

Discussions of the paper with spinners has brought out the 
opinion that many of the physical and uncontrollable variables 
normally existent in spinning operations would tend to modify 
some of the assumptions indicated in the formulas. 

There is little to be gained by selecting specific items which 
have been found controversial in the various tabulations in the 
paper. The merit in this paper lies in the fact that these progres- 
sive and logical steps have been taken, and undoubtedly it was 
the authors’ hope that they would lead the way to further and 
more detailed investigations which would result in formulas and 
resultant tables which could be used by the industry as a whole 
and be found generally acceptable to all concerned. 


Brackett Parsons.!2 The question of friction between the 
traveler and the ring is very important in the tension formula of 
Dr. Stiel. We find that there is considerable variation in the 
weight of the traveler used, due to the condition of the ring. 
On a 2l-warp yarn spun from }-in. middling cotton on a 2-in. 
ring, 5/,.-in. bobbin, 8-in. traverse, at 9000 rpm, warp wind, 4-oz 
package, 3'/2-in-gage franie with separators, we have used 
travelers from No. 3-0 to No. 7, that is, the ring gradually wears, 
the friction is reduced, and a heavier traveler is required. 

The tension formula ignores the effect of different lengths of 
traverse. This factor in consideration of spinning tension is al- 
most as important as the bobbin-ring ratio. There is, of course, 
tension variation from top to bottom of stroke, and it naturally 
follows that the longer the traverse the greater the variation. 
We also feel that the quality of the roving, the spinning drafts, 


Mem. 


11 President, Barnes Textile Associates, Boston, Mass. 
A.S.M.E. 
12 Pepperell Manufacturing Company, Boston, Mass. 


and spinning-frame construction, that is, the stationary or 
traversing thread guides, affect the tension limit. 

In testing the formula on a limited number of yarns that we are 
running in sizable quantities, we find considerable deviation from 
the formula. The formula undoubtedly can be revised to con- 
form with more modern practices. 

In considering the cost element, there is a wide variation be- 
tween our various mills, owing to different methods of manufac- 
ture caused by the resultant end use of yarn. 


R. W. Vose.4® The approach taken by the authors to the 
problem of the spinning spindle is most comprehensive and 
should pave the way for developments of considerable engi- 
neering and economic importance. Most of the previous work on 
the subject has been confined to specialized technical aspects, 
and comparatively little thought has been given to the inter- 
weaving of the results of these detailed investigations into a 
composite whole which would be of direct utility to the machine 
builder and the textile manufacturer. While the investigations 
in the fields of dynamics, friction, vibration, lubrication, and 
aerodynamics as pertaining to the spindle are of technical im- 
portance and interest, it is only by their translation into the 
actual monetary cost of the daily operation of the spinning that 
any tangible benefits are obtained. 

In gathering together the technical data on which to base the 
development of their thesis, the authors have been forced to draw 
from widely scattered sources, covering work done over a con- 
siderable span of years and by experimenters of differing modes 
of approach. This has resulted in the inclusion of both theoreti- 
cal and empirical results, and of results with considerably vary- 
ing degrees of approximation. As an illustration, it may be 
pointed out that Lindner’s equation for the shape of the balloon, 
which the authors quote, is derived in the form of sine curve which 
is a reasonable approximation to the actual balloon only in cases 
where the balloon is relatively long and narrow. As the balloon 
widens out, the sine equation loses its validity just as a parabolic 
equation loses validity for a catenary, and for precisely the same 
reason. At the present writing it is not possible to give figures 
for the degree of this approximation in the case of the large 
balloon, but it would seem worthy of further work since the wide 
balloon is particularly involved in the fouling of adjacent spindles, 
and hence governs the spindle spacing. A further defect in 
Lindner’s equation comes from the fact that it is derived on the 
basis of a two-dimensional curve lying in the plane of the spindle. 
Actually, a balloon is three-dimensional and its backward slope 
due to air friction further aggravates the departure from the as- 
sumed sine curve. 

In numerous earlier treatments of the spinning problem, it has 
been customary to assume that yarn tension is the limiting factor 
preventing increases in package size and speed. The authors 
have followed this same general thought but have quite rightly 
pointed out that, under a certain range of conditions, the limit- 
ing factor may be traveler heating and wear rather than yarn 
tension. Numerous experiments extending over several years’ 
time, made under the writer’s observation, tend to indicate that 
this question of traveler failure is perhaps sufficiently serious to 
overbalance entirely the consideration of yarn tension under most 
practical operating conditions. A series of tests on a variable- 
speed spinning installation designed to give constant tension did 
not appear to give the full benefit expected, and it was concluded 
that traveler wear was the disturbing and controlling factor. 
Other tests, made for an entirely different purpose, showed no 
particular correlation between yarn tension and spinning end 
breakage, and in fact showed that yarn breaks due to tension 


13 Director of Research, Chicopee Manufacturing Corporation, 
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alone were probably of relatively rare occurrence except in yarn 
inherently weak. This of course leads to the question as to 
whether or not the spinning operation should be adjusted to break 
out weak yarn, but this a matter beyond the scope of the present 
discussion. 

In regard to the actual tension figures used by the authors, it 
would seem that the values derived from the skein-break test by 
calculation were open to some question. Tests made in the 
writer’s laboratory show operating tensions 4 times as high as 
these, and yet the test was made on a carefully controlled labora- 
tory frame under conditions paralleling operating practice. It 
would thus seem that, while the use of the skein-break data, 
figured with an arbitrary factor of safety, might give figures rela- 
tively correct, the absolute values might better be determined 
from actual measurements on the operating spindle. This might 
lead to extensions of the operating range of speeds or sizes, or 
both, which would permit distinct economies not shown in the 
present paper. 

An examination of Untersee’s equation for power, and a per- 
sonal acquaintance with some of Mr. Untersee’s very excellent 
experimental work, leads the writer to believe that this equation 
was intended for empirical design purposes rather than for 
analysis. One defect, in so far as the present application is 
concerned, is the lack of the inclusion of the length of traverse 
as a factor. Obviously, the package weight varies with the 
traverse and this in turn must affect bearing friction. Another 
defect, from the theoretical viewpoint, is the lack of separate 
terms for friction, windage, and yarn drag, each of which may 
vary as a different power of the radius or of the speed. A pre- 
liminary study of the fundamental equation indicates that, with 
conventional proportions of these variables, the equation given 
by Untersee may hold approximately but, nevertheless, the 
separate effect of each of these variables is not fully brought out. 
Since power is such a serious factor it would seem that the equa- 
tion describing its variation might well be expanded to place it on 
a par with the calculation of the other elements entering into the 
total cost of spinning. 

The authors have clearly pointed out the high cost of power in 
the spinning process, and have made a plea for improved me- 
chanical design in the interests of power conservation. This leads 
to an analysis of the actual power losses occurring in the spindle. 
There are three causes, namely, bearing friction in the step, 
windage of the package, and tension of the yarn resisting the 
rotation of the spindle. The power taken out of the spindle 
through the yarn tension is ultimately dissipated in traveler 
friction and in windage of the balloon. It can be shown that 
each of the three sources of power loss at the spindle is of the 
same magnitude, and that the loss in the spindle bearing is the 
only one capable of direct reduction by machine-design improve- 
ments. Experimental spindles utilizing rolling contact bearings 
seem to show a saving in power in this particular location of about 
one half, but although the bearings have operated satisfactorily 
over many months’ trial their ultimate life is yet to be determined. 

The two remaining items, namely, package windage and yarn 
tension, would seem to require a completely different method of 
spinning for their improvement. While windage might conceiv- 
ably be eliminated by spinning in a vacuum, schemes of this 
sort seem scarcely practical. In regard to yarn tension, it will be 
recognized that some amount of tension is necessary to produce a 
sufficiently firm package, and that as long as this tension is 
created between the driving spindle and an external drag (namely, 
the traveler and balloon), the power loss is inescapable. If the 
tension were supplied through a flyer geared into the driving 
mechanism of the spindle, this power would be recoverable, but in 
conventional sizes of spinning spindles it is probable that the 
friction loss of the added mechanism would render this scheme 
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impractical. The tension is also required in order to keep the 
balloon within bounds, as the authors have pointed out through 
the use of Lindner’s equation, and again the elimination of this 
factor would seem to require inventive genius rather than ma- 
chine-design ability. 

To turn from the engineering aspects of the paper, it may be 
pointed out that the cost figures of the various operations as 
quoted by the authors are somewhat out of line with respect to 
modern mill practice. This is particularly so with regard to the 
winding operation. However, these matters can be dealt with by 
relatively straightforward accounting procedures once the engi- 
neering fundamentals have been developed, and in any event will 
vary from one mill to another. 

In closing, the writer wishes to compliment the authors for 
having undertaken this important, but involved, task of correlat- 
ing the diverse engineering elements of the spinning problem and 
expressing their result in a form directly usable by the textile 
industry. The work should prove a guide and an inspiration to 
those working in the intricacies of mathematical analysis and the 
delicacies of experimental measurement and those who are prone 
to forget that their technical results are only part of a broader 
economic picture. 


AuTHORS’ CLOSURE 


Before discussing the several commentaries relative to the 
essential features of our thesis, the authors wish to thank each 
of the contributors for constructive participation and co-opera- 
tion in preparing this subject for critical analysis, and, in point- 
ing out the limitations of the formulas and the paucity of accurate 
empirical data, they recognize the need of further careful explora- 
tion. 

Mr. Vose quite rightly directs attention to the invalidity of the 
sine curve where the balloon is excessive in proportion to the 
traverse, but for conditions usually prevailing, perhaps this 
critical situation seldom exists. His assertion that the ‘balloon’ 
curve is three-dimensional rather than two, is equally correct—a 
fact that Lindner recognizes, although, in his analysis of all the 
forces involved, he considers the effect of windage more or less 
canceled out by other effects and takes advantage of this cireum- 
stance to simplify what would otherwise be a very inconvenient 
mathematical expression to use. 

The question of traveler performance is another element of 
the spinning process which, as Mr. Vose observes, requires further 
intensive investigation, particularly when one considers Mr. Har- 
rigan’s successful experience with travelers made from a special 
metal and running 40 hr at 132 fps. In so far as the authors are 
informed, no one except Honegger,!4 has attempted to confirm 
Liidicke’s experiments to determine the coefficient of traveler fric- 
tion, and Honegger’s work was, we believe, temporarily discon- 
tinued before it was completed. 

There is, too, some evidence, confirming Mr. Vose’s tests, in- 
dicating that,spinning end breakages occur, under certain condi- 
tions, quite as much from other causes as from excessive tension 
or weak yarn; for example, the character of the yarn and the 
fiber from which it is spun.!5 f 

Tests made by Mr. Vose on No. 30’s yarn, show a safe operat- 
ing yarn tension of 4 times the value adopted by the authors; 
all that we can say is that the tensions we have used appear to 
agree fairly well with results obtained in usual mill practice. 

Turning now to the question of power, we are confronted with 
one of the most significant factors constituting the over-all cost 
of spinning, and while Untersee has made a notable contribution 


14“Tests on Ring Spinning,”’ by E. Honegger, The Textile Manu- 
facturer, vol. 61, July, 1935, pp. 267-290. 

15 See Indian Central Cotton Committee Technological Labora- 
tory Bulletin, Series A, No. 36, Jan., 1937, Matunga, Bombay, India. 


SHELDON, BLAKE—INFLUENCE OF RING SIZE, BOBBIN DIAMETER, SPINDLE SPEED ON SPINNING 


toward its determination, his formula does not always coincide 
with actual practice. Therefore, it is to be hoped, as Mr. Ban- 
field suggests, that his work will be continued by others, in such a 
manner as to show how the power required to operate spinning 
frames is divided between all of the moving parts of machines 
covering a wide range of speeds, ring sizes, traverses, regular 
bearings and antifriction bearings, etc. It is doubtful if spinners 
realize how much their over-all costs are affected when they in- 
crease speed, ring diameter, and traverse. This investigation of 
power should embrace the application of variable-speed motors 
and spinning regulators, to ascertain their economic and practical 
merits. 

Mr. Parsons emphasizes the importance of traveler friction 
and length of traverse. We have already discussed the former 
factor; and the effect of the latter is comprehended in the follow- 
ing equations 
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He also submits a typical example from actual mill practice; 
viz., No. 21’s carded yarn spun from 1-in. middling cotton, 2-in. 
ring, 1°/j-in-diam bobbin, 8-in. traverse, spindle speed 9000 
rpm, gage of frame 31/2 in., and 4-oz. package. Now referring to 
yarn chart, Fig. 4 of the paper, we find that the skein breaking 
strength is 813/, 1b, which is equivalent to a safe spinning tension 
of 23 g, using a factor of safety of 10. Then from the chart, 
Fig. 2, we find the coefficient of traveler friction to be 0.24, and 
from the chart, Fig. 3, Fé = 6. Similarly, since the traverse is 
8 in., h, the distance from pigtail to bottom layer of yarn on the 
bobbin would probably be 11/2 in. more, or 91/2 in., and the sine 
of the angle obtained by dividing the ring radius by 1/2 the gage, 
is 145.15, from which 6 = 5.89 in., or 0.1496 m. Then, substi- 
tuting the appropriate values in the applicable formula, we find 
that the theoretical traveler speed is 8961, compared to the actual 
spindle speed of 9000 rpm and, likewise, the theoretical traveler 
weight is 0.0624 g, equivalent to a No. 1 traveler which, it will be 
noted, is about midway between the maximum and minimum 
weights actually used, that is, No. 7 and No. 3/0. 

In this instance, at least, the computed result and practice 
agrees almost exactly. 
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Experimental Study of the Flow of Coal in 
Chutes at Riverside Generating Station 


By E. F. WOLF! AND H. L. von HOHENLEITEN,! BALTIMORE, MD. 


Among the power-plant problems which are gradually 
being solved, the present study of moving coal from the 
bunkers to stokers or coal-pulverizing mills is impor- 
tant, for with the use of one boiler only for each turbine 
generator, the prevention of coal stoppages in chutes is 
vital. During the war years, the use of coal from lot 
storage, with consequent moisture absorption, has caused 
a great deal of ratholing and arching in the bunkers, and 
frequent stoppages have occurred in the chutes. The 
experimental investigation, reported, involved a study 
of the flow and stoppage of coal in a transparent scale 
model of one of the present chutes; measurements of 
physical properties of lot coal with relation to possible 
factors affecting stoppage; development in successive 
steps of a new design of coal chute in scale-model form. 
Out of this study a suitable chute design was evolved, 
now being reproduced full scale for installation and test. 


OWER-plant operators have been faced for many years 

with a number of major equipment problems and since 

some of the more important mechanical difficulties have 
been overcome, those of a minor nature are now coming to the 
front. At the same time the constant improvements in the art 
of boiler design have magnified some of these minor troubles. 
Getting coal from the bunker to stoker hoppers or to coal-pul- 
verizing mills has been one of these problems. Heretofore the 
operator has usually been successful in keeping fairly dry coal 
flowing through his chutes, or in relieving stoppages due to wet 
coal by employing air lances and some judicious pounding at 
points where such stoppages occurred. With the use of one 
boiler for each turbine generator, the prevention of coal stoppage 
now assumes major importance. 

When the Consolidated Gas Electric Light and Power Company 
began its expansion program in 1939, it recognized the importance 
of a trouble-free coal supply and surveyed the field to determine 
the latest advances in the art of coal-handling and chute design. 
The chutes installed at the Westport Station extension and at the 
new Riverside Generating Station represented the best engineer- 
ing knowledge available up to that time. Chutes, in general, were 
kept at as steep an angle as possible, flared chutes were employed, 
and the angles of the sides of hoppers were maintained at 60 deg 
or steeper. This has resulted in a chute design, which, in general, 
has performed well with moderately dry coal. 

During the winter and early spring of 1943-1944, government 
regulations of fuel made it necessary to use large amounts of fuel 
reserves. This led to extensive use of coal from lot storage, 
which by reason of exposure to weather had absorbed large per- 
centages of moisture. With this wet coal a great amount of rat- 
holing and arching took place in the bunkers and frequent stop- 


1 Consolidated Gas Electric Light and Power Co. of Baltimore. 
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pages occurred in the chutes from the bunker to the pulverizing 
mills, especially at the Riverside generating station. It was de- 
cided that a thorough study of this problem would be warranted 
and an experimental program was mapped out and carried through 
in the following steps: 


1 Study of the flow and stoppage of coal in a transparent- 
plastic scale model of one of the present chutes. 

2 Measurements of physical properties of lot coal to study the 
cause and factors affecting stoppage. 

3 The development in successive steps of a new design of coal 
chute in scale-model form. 


The purpose of these experiments was to find a means by 
which the flow of coal through the chutes could be improved with 
a minimum of changes. In the redesign of the chutes themselves, 
extensive structural or mechanical changes could not be contem- 
plated since they would necessitate prolonged outages of plant 
and their cost would be prohibitive. This decision put certain 
limitations on the development of a new design and made it im- 
possible therefore to obtain the ultimate in performance. 

The experimental work led to designs which in scale form handle, 
without stoppage, coal of 1!/, times as high a moisture content 
as the model of the existing chute. The final model permits 
unimpeded flow of coal at a moisture content which ratholes, 
arches, and sticks in the model of the existing bunker. A full- 
sized coal chute conforming to the final model design will be 
placed in operation early this spring and will serve to check re- 
sults obtained in the laboratory. 


STATEMENT OF PROBLEM 


It has been observed over a number of years that coal will 
stick in bunkers and chutes whenever the moisture content ex- 
ceeds a certain limit for given types of equipment and coal. 
Stoppages, when using lot-storage coal, have been more frequent 
at our Riverside plant than at our other plants, principally on 
account of the method of storing coal at the former location. 
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Fig. 2 GENERAL ASSEMBLY OF Existing Coa CuutTEs AT RIVERSIDE STATION 
(Showing main obstructions to possible changes.) 


The stocking-out and reclaiming of coal by means of a bulldozer 
and ‘‘carry-all,”’ and the greater degree of compacting that the 
coal undergoes when stored by this means, is apparently respon- 
sible for a higher percentage of fines and, consequently, a greater 
ability of the coal to retain moisture. 

The fuel used at these stations is semibituminous coal produced 
in District No. 1 from the central Pennsylvania and northern 
West Virginia regions. 

Practical operating experience had indicated that the coal 
delivered to our plants by barges normally could be relied upon 
to flow through the chute system with little difficulty in contrast 
to troubles experienced with lot-stored coal of similar moisture 
content. It was believed that the explanation for this was to be 
found in the physical make-up of the coal. Typical sieve analyses 
plotted in Fig. 1 indicate that the consistency of lot coal is such 
that approximately 30 per cent by weight is finer than number 20 
mesh, and that it contains approximately one third more mate- 
rial of this fineness than scow coal. 

Each of the two turbine generators at Riverside Station is 
served by one 550,000-lb per hr boiler which takes its coal 
supply from a 990-ton-capacity catenary bunker. The bottom 
of this bunker is located at elevation 72 and is equipped with six 
clamshell gates. Three chutes, each fed by two gates, carry the 
coal to the three pulverizing mills located in the boilerhouse base- 
ment at elevation 10, Fig. 2. The center chute, which had 
proved to be the most troublesome in operation, was selected as 
the subject for this investigation. 


Srupy or Fitow or Coat in Scare Mopeu or Existing CHuTE 


Since it was impossible to determine either the exact location 


or the nature of each stoppage in the coal chutes at the plant, it 
was decided to make an exact transparent scale model of one of 
the existing chutes. This and most of the later models were 
fabricated from 30-mil sheet pyralin by molding it under boiling 
water over polished wood templates which conformed to exact 
inside dimensions. This material is satisfactory for this purpose 
since it has a coefficient of friction not greatly different from 
smooth steel plate. The linear scale selected was one tenth full 
size, which is equivalent to a volume reduction of 1000 to 1. 
Experiments were conducted with this model using specially 
prepared coal samples having particle sizes reduced approximately 
to the linear-scale reduction of the model. Most of the experi- 
ments were carried out, however, with coal samples taken directly 
from lot storage and slightly modified by removal of lumps larger 
than !/.in. size. A revolving-table feeder was installed at the out- 
let of the model to simulate the action of the table feeder at the 
Riverside plant. Phenomena observed in the actual chutes have 
been reproduced to a surprising degree in the model with either 
gradation of coal. Sticking and ‘‘hanging up” have occurred in 
the model at the same location and in the same manner at which 
sticking could be observed in the prototype. 

The authors’ previous experience (1, 2)? had demonstrated 
that a scale model is a useful tool in studying certain power-plant 
design problems, and careful consideration was given to the 
reliability of model tests for this specific application. It was recog- 
nized that a considerable scale effect exists but, since the com- 
ponents were too numerous and too much subject to variation, 
no attempt was made to arrive at a mathematical expression of 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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the scale factor. While it may be possible to determine such a 
factor for one part of a system, it seems a hopeless task to estab- 
lish it for all component parts or to arrive at an over-all scale fac- 
tor. It was determined, however, that all the phenomena which 
had been noted in the actual coal chute at an observed moisture 
content of between 5.5 per cent and 6 per cent occurred in the 
model between 3.5 per cent and 3.75 per cent moisture content. 
It is recognized therefore that a scale factor exists but that the 
scale effect will tend to give model results on the conservative 
side. 


In the operation of the model of the existing chute, the flow of 


Fig. 3 Wesv Vinw or Mopet or Existing CHuTE 
(Stoppage of coal in lower and upper hoppers.) 
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dry coal was found to be smooth and uniform, which is in accord 
with service experience. At about 2.5 per cent moisture, the 
flow became very sluggish along the corner of least slope in the 
hopper below the operating level (elevation 31 ft 6 In ebig. 2). 
Most of the flow occurred in a spiral motion along the opposite 
vertical corner. The movement of coal from the chute above 
occurred almost entirely on the side where the hopper below was 
offset. With further increase in moisture the coal began to rat- 
hole intermittently by draining entirely from the vertical corner 
and leaving the remainder of the hopper packed with coal. The 
observation of these phenomena which have been noted fre- 


Fie. 4 West View or Mover or Lower Hopper 
(Arching in hopper and coal gate.) 
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Fies. 5 AnD 6 


quently in the field, was aided in the model by the use of thin 
horizontal layers of inert white powder placed at intervals in the 
coal stream. Two other early points of trouble were the bottom 
of this hopper and the hopperlike shape simulating the coal gate. 

In the range from 3.0 to 3.5 per cent moisture, stoppages 
occurred in the latter locations and voids began to form in the 
rectangular tapering chute above the operating floor. With 
further increase in moisture, flow of coal could be maintained 
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Sricxine or Coat In Mope. or Existing CHUTE 


through the lower hopper by means of scale-sized pokers and air 
lances, but arching and ratholing then took place at the upper 
hopper, Figs. 3 to 7, inclusive. 

In this chute system, there is a reduction in cross section from 
a rectangular shape at the top of 41.7 sq ft to a circular shape at 
the bottom of 1.7 sq ft. This large transition causes the coal to 
compact, producing the observed stoppages at the bottoms of the 
hoppers, in corners and at points of change in direction of flow. 


_equipment devised for this purpose. 
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PHyYsICAL PROPERTIES OF COAL 


To determine the cause of the stoppages which were observed 
in the model and in order to effect improvements in design, it was 
found necessary to make quantitative measurements of those 
physical properties which seem to govern the flow of coal. The 
ratholing, arching, and sticking were found to be closely associ- 
ated with three mutually interrelated characteristics, namely, 
moisture content, degree of compacting, and uniformity coeff- 
cient. The gradation of the coal affects the amount of moisture 
which can be retained and also the possible degree of compacting. 

Numerous measurements were made with simple laboratory 
The size of specimen was 
in the range of 20 to 50 lb in most cases. In these discussions 
the term ‘‘loose coal’ is being used to indicate that the coal was 
placed loosely, 6ne scoopful at a time, and every attempt was 
made to avoid compacting. The term ‘‘fully compacted coal’ 
implies that the container was filled with coal and vibrated by 
mechanical means until no further change in volume could be 
observed. 

Static Angle of Repose. One of the properties which governs 
the gravity flow of coal is the static angle of repose which is in- 
fluenced by both moisture content and degree of compacting. 


Fie. 7 Dragonaut View or Existing MoprEeri 


: 
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For the determination of this static angle of repose a 12-in. X 
12-in. X 12-in. metal box with one side hinged at the bottom was 
used. The box was first filled with loose coal, then the hinged 
side was dropped, and after all loose coal had fallen away the 
angle of the cleavage plane was observed. The box was then 
filled with coal and vibrated until full compactness was reached. 
Again the side was dropped and the cleavage angle noted. This 
test was repeated for moisture conténts ranging from 1 per cent 
to 18 per cent and the results are shown in Fig. 8. With fully 
compacted coal, the angle of repose increases rapidly and reaches 
90 deg at 3.6 per cent moisture. Consequently, at this and higher 
moisture contents, ratholing can occur in hoppers and bunkers. 
With an increase in moisture content above 3.6 per cent, it was 
possible to undercut the coal. At higher moisture ranges (above 
13 per cent), the wet mass of fully compacted coal had a tendency 
to bulge out. It may be stated therefore that the angle of 
repose for these conditions exceeds 90 deg, or, wording it differ- 
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Fie. 11 Errsecr or Moisture Content on Dynamic ANGLE OF 
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ently, reaches negative values. From the investigations men- 
tioned, it is evident that it is important to use the steepest pos- 
sible angles, preferably 75 deg or more, in the design of coal chutes 
if moisture contents higher than 3 per cent are to be encountered. 
All of the tests have indicated that the degree of compactness or 
density of the coal greatly affects the flow characteristics. 
Density of Loose and Fully Compacted Coal With Various 
Moisture Contents. The 1-cu-ft box used in previous tests was 
filled repeatedly with coal of various moisture content, and the 
weight per cubic foot checked. These weights have been plotted 
for loose and fully compacted coal in Fig. 9. Starting from 1 per 
cent moisture content, the density of loose coal decreases until 
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it reaches its lowest value at approximately 7 per cent. Above 
7 per cent, it rises until at 15.75 per cent it again reaches the 
same density as at 1 per cent moisture and continues to rise. Some 
other granular materials, for instance, sand (8), show this same 
phenomenon of a point of minimum density at an intermediate 
moisture content. 

Effect of Moisture Content on Degree of Compacting of Coal. To 
gain a better understanding of the interrelation of moisture con- 
tent and degree of compacting, additional tests were made, and the 
information is plotted in Fig. 10. It will be noted that a definite 
relation exists between the lines on this graph and the imformation 
given in Figs. 8 and 9. With very low moisture contents, coal 
can undergo full compacting without reaching an angle of repose 
of 90 deg and, consequently, with such coal, ratholing is highly 
improbable. At 3.6 per cent moisture content anid above, there 
is a’definite degree of compacting that can take place before an 
angle of respose of 90 deg is reached. With increasing moisture 
content, this margin diminishes. 

Dynamic Angle of Repose. The tests described represent the 
angle of repose under static conditions which will differ from 
the angle of repose under dynamic conditions. Another series of 
tests was carried out in which the coal was permitted to fall 
through a 2-in-sq opening in the bottom of the 1-cu-ft box. The 
angle of the cone formed by the loosely falling coal is plotted in 
Fig. 11. 

Angle of Slide of Coal With One Per Cent to 16 Per Cent Moisture 
Content on Various Metal and Nonmetallic Surfaces. The suita- 
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Fig. 13 Errecr or Moisture ConTENT ON ANGLE OF SLIDE ON 


PLANE SURFACES 
(Data obtained in manner illustrated in Fig. 12.) 


bility of various materials for coal chutes was studied. The 
angle at which coal will slide off these various materials is one 
indication. 

‘A large plate was arranged in such a fashion that it could be 
raised slowly from the horizontal position. Various materials 
were attached to this plate and equal amounts of loose coal care- 
fully placed along the top part of each material, Fig. 12. The 
angles of slide are plotted in Fig. 13. The variations in slide 
angle of the materials tested were within 3 deg with coal up to a 
moisture content of 8 per cent. .Above this point the graph shows 
breaks in the curves for glass, aluminum, and stainless steel. 
This change in characteristics is apparently due to the formation 
of a film of moisture on the surface of the material which permits 
the entire specimen of coal to slide as one mass. 

These slide tests represent unrestricted flow with one sur- 
face of contact. The influence of three contact surfaces was 
determined by using channel-shaped metal chutes, Fig. 14. 
This figure shows that the slide-angle curve for steel also has a 
maximum value. 

A series of experiments was also performed with cylindrical 
pyralin, glass, and steel tubes to determine the variations between 
the foregoing conditions and one in which no free surface of coal 
exists. 

Test points have been incorporated on the graph shown in 
Fig. 15, and an average curve has been drawn to show the trend. 
It will be noted that the angle of flow increases until it reaches a 
maximum at 10 per cent moisture and decreases thereafter. 

At least three types of flow have been observed in these experi- 
ments, which account for the nonuniform behavior in the inter- 
mediate moisture ranges, as shown in Fig. 15, and are as follows: 

Granular flow, in which there is distinct movement of one par- 
ticle with respect to the others, occurs with fairly dry coal. 

Plug flow, in which the whole column of coal moves as one mass 
with no apparent relative movement of individual particles, 
occurs at high moisture contents. 

With moisture contents corresponding to the trough of the 
“density-moisture curve,” Fig. 9, there exists a transition type 
of flow which resembles viscous flow. 

The transition from granular flow to plug flow cannot be clearly 
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(Measurements made in channel 12 in. wide, 6 in. deep, and 36 in. long, 
formed from cold-rolled sheet steel. Dépth of coal in channel 21/, in.) 
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Fie. 15 Errect or Moisture ConTENT ON ANGLE OF SLIDE IN 
STEEL CYLINDER 
(Measurements made in 3-in-diam steel tube, 36 in. long.) 


defined and is influenced by the physical composition of coal. 
In this region of change in type of flow, it was difficult to obtain 
reproducibility in many tests. 

Flow of Coal in Pipes With Uniform and Enlarging Diameters. 
The wisdom of using pipes with constant increase in cross section 
in direction of flow (flaring pipes) has been long recognized, and 
measurements were made to establish the relative merit of a 
flaring pipe as compared with a pipe of uniform cross section. 
A piece of smooth steel tubing 9 ft in length and of a uniform 3- 
in. ID was set up at an angle of 60 deg and paralleled by a pipe 
of the same length but gradually enlarging from 3 to 4 in. ID. 
These pipes were carefully filled from the top and the coal was 
taken away from the bottom by means of a slowly rotating disk. 
The stoppage occurred in the 3-in. cylindrical pipe at 7 per cent 
moisture, while the tapering pipe was capable of carrying coal of 
any moisture content up to the limits of the test (16 per cent). 

Effect of Partial Obstructions of Outlets to Coal Chutes. Ob- 
servations were made on the effect of small obstructions on the 
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Fig. 16 Srpe-Wauu Friction Trst 


(Pressure at base of column of coal of various moisture contents measured at F 2 4 


successive heights in 3-in-diam steel tube, 36 in. high.) 
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(The moisture content at which stoppage occurred was measured in con- 
centric steel cones of varying tapers, 2 in. diam at outlet and 12 in. high.) 


angle of slide in cylindrical steel tubes. It was noted that, above 
4 per cent moisture content, a very small restriction at the end of 
a pipe, either in the shape of a small segment, or in the shape 
of a minute annular ledge, was sufficient to raise the angle of 
slide to 90 deg, or even to prevent flow in a vertical position. 
This observation is particularly important since it indicates 
that a very small projection at a flanged joint can be the cause of 
stoppage. 

Side-Wall Support of Column of Coal by Smooth Cylindrical Pipe. 
During the model tests, the vertical load that the coal exerted at 
the bottom of the chute system was measured. It was found to 
be equal approximately to the weight of a column of coal 1 diam 
in height. Basic tests were made to determine the influence of a 
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Fie. 18 Morsrurn Content or Coan Usnep at RivERsipE PLANT 
(Cumulative per cent of weekly periods with moisture content of coal above 
given amounts.) 
given head of coal in producing flow through a chute. For this 
purpose, a smooth 3-in-diam steel cylinder, 36 in. long, was ar- 
ranged vertically in such manner that the bottom of the pipe was 
suspended over the platform of a scale without actually bearing 
onit. This pipe was filled in successive steps to varying heights 
and tests repeated with samples of varying moisture content. 
At each step the weight of the coal borne by the scale was read 
to 0.01 lb. The difference between this weight and the total 
weight of the coal in the pipe represented the support afforded 
by friction of the wall of the cylinder. It is significant that all 
curves, plotted in Fig. 16, show ¢ fairly uniform rise up to 1 diam 
and then flatten out considerably, showing a very small gain in 
pressure on the bottom from additional height of column. With 
increasing moisture contents, each successive curve shows lower 
values and, after having reached minimum values at 8 per cent, 
begins to rise. This is in close relation with Fig. 9, which shows 
the change in density of coal with varying moisture contents. 
With fairly dry coal, approximately 80 per cent of the weight of 

the 36-in-high column is carried by static side-wall friction. 

Similar experiments were carried out with a flaring pipe, and it 
was noted that, while the bottom load was greater than for the 
cylinder, a large part of the load was still carried by side-wall fric- 
tion and the general trend of curves remained the same. Coal 
which is confined in a vertical chute will exert a thrust against 
the side walls and, consequently, create frictional components 
as long as the angle of the side walls to the horizontal is greater 
than the static angle of repose of the coal. 

Constricting Chutes or Hoppers. In the model of the existing 
chute as well as in the field, it has been observed that the hoppers 
were focal points of trouble. For the development of a new de- 
sign, it became necessary to assemble basic data on the flow of coal 
through hoppers with various degrees of constriction, shape, and 
size. 

The curve representing the moisture content at stoppage in 
cones of varying tapers increases rapidly with the increase in 
steepness of cones, Fig. 17. With the sharp-angle cones it was 
possible to re-establish flow by further increase in moisture con- 
tent. The pronounced effect of compacting on the stoppage of 
coal in hoppers may be seen by a comparison of the two curves in 
this figure. 
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A number of eccentric cones with one vertical side were also 
investigated but it was found that, for equal change in cross 
section, the concentric cone gave slightly better results. 

In order to obtain further indications on the trend of the scale 
effect, three cones of equal taper (1 in. per ft) but with succes- 
sively increasing dimensions were also investigated. For this 
series it was found that a cone having 2 in. ID at the small end, a 
height of 12 in. and 4 in. ID at the large end would produce stop- 
page with loose, 7 per cent moisture coal. The next larger cone 


Fia. 19 Frrsr Step ry Repesign or Hopper BeLow OPERATING 
LEVEL 


(Lateral transition in plane of view eliminated; transition normal to view 
maintained. Coal stuck at bottom of hopper.) 
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with 4-in. base and 8-in. top diam, 24 in. high, stuck at 9 per cent 
moisture, and the largest cone, varying from 6 in. to 12 in. ID, 
36 in. high, failed to function at 11 per cent moisture. 

Effect of Addition of Oil and Wetting Agents on Flowing Proper- 
tres of Coal. The use of admixtures to lubricate the sides of a 
chute was considered and various experiments were made to es- 
tablish the effect of oils and wetting agents. No appreciable 
improvement of practical value was obtained with these admix- 
tures. 


Fig. 20 Srconp Step in Repesian or Hopper BELOW OPERATING 
LEVEL 


(View in direction at right angles to Fig. 19. Lateral transition in one plane 
only accomplished by streamlining.) 
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RevisEep MopEt DESIGN 


With the basic data available as explained, it was decided that 
improvement to the existing chute system could be accomplished 
without change in the arrangement and controls of feeders 
or without alterations of any main structural members or me- 
chanical equipment. 

From the shape ef the curve showing variations in moisture 
content of coal during the operating year, Fig. 18, it may be 
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seen that a moderate improvement in chute performance actually 
represents a considerable decrease in the number of days in which 
trouble may be expected. It was with this thought in mind that 
the redesign of the experimental coal chute was begun. 
Successive steps of new design incorporating certain features, 
to be mentioned, were tried in model form. Essentially these fea- 
tures are intended to approach streamlined flow of the coal simi- 
lar to the flow of fluids in an efficiently designed system and are: 


Fie. 21 


“PoLLY STREAMLINED’? MoprenL 


(Lateral transition above operating level accomplished 
by reverse bend in flaring chute.) 


Fie. 22 Moprrrp “STREAMLINED” MopEu 


(Lateral transition above operating level accomplished 
by single bend in flaring chute.) 
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1 Avoidance of sudden constrictions and sharp changes in 
direction. 

2 Minimum angles of convergence of lines of flow, preferably 
approaching zero. 

3 Minimum practical taper in hoppers. 

4 Maximum possible angle of inclination with horizontal 
throughout the system. 

5 Use of round shapes in preference to square or rectangular 
shapes. 


Fie. 23) Ovaut Cong Hopper Mopreu 


(Showing single cone encompassing both bunker gates and having mini- 

mum taper which still clears obstructions. Flow can be restarted only 

with’ great difficulty after a stoppage occurs. Upper portion of model 
made of sheet metal for simplicity of fabrication and strength.) 
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Since existing space limitations in the plant had to be taken 
into consideration and the design modified to suit these condi- 
tions, it was not possible to apply fully the ideals outlined. 

Description of Design Changes as Tested. The first problem 
encountered was the hopper below the operating floor (eleva- 
tion 31 ft 6 in., Fig. 2). In the present chute system, this hopper 
forces the coal into a two-directional lateral transition. This 


double transition causes the greater part of the hopper space to be 
inactive. 


The first changes that were tried were the elimination 


Fie. 24 Y-SHapep Mopreu 


(Fabricated from flaring tubes. Use of a symmetrical Y was not possible on 
account of obstructions. Flow obtained was more rapid in right side than in 
left. First point of stoppage was at point of convergence.) 
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Fic. 25  Exampte or SymmetrrcaL ConicaAL Hopper SEcTIONS Fic. 26 Exampie or Usb or OrrspT ConEs 


(Long cones of slight taper used to accomplish convergence of flow and transi- (A study to determine behavior of offset cones as a means of accomplishing 
tion to single pipe. Difficult to relieve stoppages occurring in long cones.) lateral transition.) 
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of one transition in the hopper by shifting it to the chutes above, 
and the use of a conical hopper of small taper, Fig. 19. Further 
alterations led to a fully streamlined hopper with a lateral transi- 
tion in one plane only, Fig. 20. i 

From the underside of the coal bunker to the operating level, 
the design possibilities were limited by the following facts: 
The existing coal gates for this system of chutes are spaced 8 ft 
apart and cannot be changed. The location of the top of the 
hopper below the operating floor has already been set by virtue 
of existing structural members and various piping below this floor. 
In addition to this, there are some main structural members 
approximately halfway between the operating floor and the 
bunker, : 

To accomplish the necessary lateral transition, a number of 
flared circular sections were tried, first with a reverse bend, Fig. 
21, and then with a single bend and straight section, Fig. 22. 

Above this section of pipe, the problem still existed of bringing 
two streams of coal together, and a series of successive shapes led 
to the development of the completely streamlined model shown 
in Fig. 21. 

Altogether 40 setups were tested covering the full range from a 
large long hopper section spanning over both bunker gates at 
the top, Fig. 23, to the extreme of two pipes leading from the 
coal gates in the most direct manner possible down to the hopper 
at the operating floor, Fig. 24. These various setups are in part 
depicted in Figs. 25 to 27, inclusive. 

The fully streamlined model which had been assembled and 
tested to explore the theoretical solution to the problem was not 
regarded as practical from an engineering standpoint. Since 
nearly every component part consists of double-curvature shapes, 
the difficulties encountered in building the model might easily 
be multiplied in the actual fabrication of a prototype. The 
model shapes became so sensitive that the slight distortion 
which the plastic pyralin model underwent during hot humid 
weather immediately reacted on the ability of the system to carry 
wet coal. Considerable effort was devoted to the problem of 
simplifying these shapes to a point where manufacture would 
be feasible and operating effectiveness would be maintained. 
The final results of these tests are shown in Figs. 28 and 29, 
which represent essentially the chute that has been ordered for a 
full-scale test in the plant at Riverside. 

Discussion of Special Shapes and Problems. Several individual 
problems of interest to the designer were encountered in these 
tests. In the model of the existing chute, the coal had a tendency 
to hang up at the transition from the rectangular chute to the 
hopper below the operating level. This difficulty was especially 
noticeable where the flow from the rectangular chute was directed 
against a slanting side of the hopper below. Where this hopper 
stepped back, permitting the coal to fall away from the end of the 
chute, less trouble was encountered. This observation led to the 
development of the ‘“‘breakaway,’’ which consists of a free space 
surrounding the lower end of a chute or hopper, thereby per- 
mitting the coal flowing from the chute or hopper to break away 
freely in all directions, Fig. 30. This feature permits a sudden 
change in direction and has the added advantage of tending to 
counteract compacting. This device has been employed either 
wholly or partially in three locations in the new chute system. 

The data gained in the cone experiments indicate that the 
behavior of a separate conical hopper will differ from one incor- 
porated ina chute system. ‘Tests carried out in the development 
of the new model further indicate that the performance of such a 
hopper depends on its relative position within a system, since 
this will govern the amount of compacting the coal undergoes. 
In general it may be stated that cones of a slight taper, while 
permitting free flow as an individual unit, show a tendency to 
compact the coal by their powerful wedge action when they be- 
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Fig. 27 Scaematic OuTLINE OF Various Test ASSEMBLIES 


come part of the system, and whenever the ratio of their lengths 
to smallest diameter exceeds approximately 2. On the other 
hand, short cones of moderate slope work fairly well as long as the 
ratio of their lengths to smallest diameter does not exceed 1.5 to 2. 
Concentric cones have an advantage where it is desired to achieve 
a reduction in cross section while eccentric cones can be employed 
effectively where both lateral transition and reduction in area are 
required. Consequently, both have been employed in the final 
design. 


CoNCLUSIONS 


The results of observations given in this paper apply to the 
particular coal tested and, for similar coal the graphs should be 
interpreted as indicating probable trends, rather than definite 
values. 

The tests have demonstrated that phenomena occurring in a 
chute system can be reproduced in a scale model. 

Application of principles developed in these experiments can 
lead to improved chute design. : 

Compaction of coal is one of the most important factors in- 
fluencing the operation of a solidly filled chute system. An angle 
of repose of 90 deg may be reached at relatively low moisture 
contents if the density of coal is increased through impact or 
wedge action. Since coal must undergo a certain amount of 
compacting in any composite system, there exists a limit in mois- 
ture content at which the chutes can be depended upon to operate 
without stoppage. The possibility of coal stoppage must be rec- 
ognized, and therefore the ease of re-establishing flow should 
be considered in the development of a design. 
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Fie. 28 Move. or Frnau Drsien Fig. 29 Sripp View or Finat Design Hopper 


(Upper hopper and converging section fabricated from BreLtow OPERATING LevEL 
pyralin-lined tinplate.) (Offset at upper portion was necessitated by obstructions.) 
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Fie. 30 Scurmatic SketcH or ‘“BREAKAWAY”’ 
(Typical flow of coal at change in direction.) 


It was concluded that the following points should be incorpo- 
rated in the chute design. The shortest possible path from the 
coal bunker to the mills should be maintained. Tapered (or uni- 
formly enlarging) round chutes should be used wherever possible. 
Where two streams of coal must be brought together, this should 
be accomplished with a minimum angle of convergence. If a 
sudden change in direction cannot be avoided, the introduction 
of a “breakaway” to help the coal to realign itself should be 
utilized. All angles of chutes should be made as steep as possible 
and reductions in cross section kept to a minimum. 

The application of all points mentioned in the foregoing has re- 
sulted in a model design which showed sufficient improvement 
over the model of the existing chute to justify the construction of 
a full-sized chute for development of actual field experience, Fig. 
ole 

This investigation has concerned itself entirely with the pos- 
sibilities of improving flow of coal in an existing chute system and 
does not take into account the problem of maintaining uninter- 
rupted flow of coal from bunker to chutes, but the latter is now 
under investigation. 
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Heat Transfer From a Baffled-Finned 
Cylinder. to Air 


Air-cooled aircraft-engine cylinders utilize extensive 
finned surface to permit maintenance of proper metal tem- 
peratures with high rates of heat transfer occurring at high 
engine power outputs. The process of heat transfer to 


| the flowing air stream differs from that of usual finned 


-_ 


) 


tubes not only in size of the cylinder but also because 
baffles are utilized which force all the air to pass through 
the fin spaces. Because of this latter difference, data on 
finned tubes in general do not apply. Therefore, special 
tests have been carried out to establish the mechanism of 
heat transfer in this case and to provide a generalization 
of the data useful for design. The work was carried out at 
the University of Delaware in conjunction with a Pratt & 
| Whitney Aircraft heat-transfer research program. The 
‘experiments were conducted on a typical section of an 
aluminum finned cylinder barrel. The cylinder was 
heated by an internal electrical heater. Temperatures 
were measured not only of the entrance and exit air stream 
but also at eight points, equally spaced circumferentially, 
in the base metal. The results were interpreted by com- 
parison with heat-transfer relations for flow inside con- 
duits. The maximum heat-transfer rates were in close 
agreement with these relations although the average rates 
were lower owing to the decreased cooling-air velocities 
over the front and rear fin surfaces outside of the baffled 
portion of the cylinder. The over-all pressure drop is 
shown to be about double the estimated frictional resist- 
ance; the inlet and exit losses provide an explanation. 


NOMENCLATURE 


THE following nomenclature is used in the paper: 


A, = cylinder fin-base area (based on outside diameter of 
base), sq ft 
Aos = cross-sectional area for flow in cylinder fin spaces, sq ft 
j Ay = total external heat-transfer surface of cylinder, sq ft 
C = heat capacity of humid air mixture, Btu/(lb) (deg F) 
Deq = equivalent diameter of fin space, ft 
Ey» = pumping horsepower 
G = mass velocity, lb/(hr) (sq ft) 
ge = dimensional constant, 4.169 10° [t/hr? 
h = mean surface conductance per unit of A,, Btu/(hr) 
(sq ft) (deg F) 
h, = “local’’ surface conductance per unit of A;, Btu/(hr) 


(sq ft) (deg F) 
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anp H. B. NOTTAGE: 


= total power loss per unit of Ay, {t-lb/(hr) (sq ft) 

= baffle pressure drop, in. H,O (APgp = lb/sq ft) 
tavg = average air temperature across cylinder, deg F 

average fin-base temperature, deg F 

fmax = Maximum (rear) fin-base temperature, deg F 


ti, b, ete. = observed fin-base temperatures, deg F 
At, = arithmetic-mean temperature difference, average fin- 
base temperature to average air-stream temperature, 
deg F 
Ato = reference mean temperature difference, deg F ( Aly = 
; 100) 
At, = mean temperature difference ratio, At,,/ Ato 
U = over-all heat-transfer conductance per unit of A,, Btu/ 
(hr) (sq ft) (deg F) 
U, = “local” value of U 
W = air flow rate, lb per hr 
p = air density, pef 
Pavg = air density at average temperature and pressure across 
cylinder, pef 
po = density of air at 70 F, and 30 in. Hg, pef (oo = 0.0753) 
¢ = over-all pressure loss coefficient, Equation [5] 
uw = viscosity of air at average air temperature across 
cylinder, Ib/(hr) (ft) i 
Nr, = Prandtl number, Cy/k 
Nre = Reynolds number, DeaG/p 
Nst = Stanton number, h/CG 


INTRODUCTION 


Problems of designing a fin-and-baffle system to be fitted to 
cylindrical sections of the size employed as air-cooled aircraft- 
engine cylinders have recently become of critical importance. 
Adequate design requires a foundation of fundamental and gen- 
eralized data from which any desired performanee requirements 
may be met. 

Since the publication of earlier preliminary work (2, 4, 7, 8)‘ 
along these lines, the general conception of the nature of the proc- 
esses and problems prevailing in an extended fin-and-baffle sys- 
tem has considerably advanced, and improvements in experi- 
mental equipment and techniques have been made. On both of 
these counts, further experimental studies to permit extending 
the accuracy and range of the available design data have been 
needed, together with a broadened fundamental basis for general- 
izing the behavior of this type of heat-transfer system, Pre- 
liminary studies of the problem have suggested that the proc- 
esses within the fin flow passages, where effectively all of the heat 
transfer takes place, can be treated most satisfactorily and com- 
prehensively if terms of their relation to the established data on 
heat transfer in straight tubes or passages; all with due allowance 
for the effects of the extended-surface boundaries of the passages 
and the particular nature of the flow system both within the 
baffle section and at the front and rear points where the stream 
enters and leaves. 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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In this paper are presented the results of experimental study 
and analysis for an actual aluminum-finned section of an aircraft- 
engine cylinder barrel, fitted With representative baffles and 
tested under controlled conditions of uniform internal electrical 
heating and smooth approaching air flow, as well as of visual-flow 
observations which aid in understanding local effects. These 
results have been given fundamental study and interpretation, 
with particular emphasis upon the role and importance of local 
point-to-point conditions in the heat-transfer and flow processes. 


DEscRIPTION OF EXPERIMENTAL ARRANGEMENT 


Requirements for the experimental system were based on 
the need for a flexible assembly yielding reproducible results 
with a simple operating control. General features decided upon 
were the following: 


1 A once-through air-duct system, arranged with a free room- 
air intake to the test cylinder. 

2 A test section to contain the cylinder and baffle assembly 
being studied, arranged for simple removal and adjustment, and 
with effective heat insulation. 

3 An electrical heating element to fit snugly within the test 
cylinder and permit ease of heating control. 

4 Measurement of the temperature, pressure, and moisture 
content of the intake air. 

5 Measurement of the static pressure drop and temperature 
rise of the air passing across the test cylinder, which latter requires 
a downstream mixing section to obtain the mixed-mean air tem- 
perature, and the use of effective over-all heat insulation. 

6 Measurement of the temperature pattern about the base of 


the test cylinder by means of thermocouples installed within the. 


34 to Elbow 


Thermocouple Well 
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base metal, with the junctions and adjacent sections of leads in 
isothermal zones. 


An over-all dimensioned sketch of the duct system constructed, 
showing the points of static pressure and temperature measure- 
ment for the air stream, is given in Fig. 1. 

Cylinder and Heater Assembly. Plan dimensions of the finned- 
cylinder and baffle installations are given in Fig. 2. The baffle 
was made of sheet metal, held in place by wooden blocks. De- 


Wooden 
Blocks 


Boffles Fit 
Tight to Tips 
of Fins 


Air 


Fic. 2 Puan View or Frin-aAnp-BAarrLlE ARRANGEMENT 


tailed dimensions of the finned test cylinder are given in Table 1. 
The fins on the test cylinder were lathe-turned from a forged 
blank of Alcoa A51S-T aluminum, having a nominal thermal con- 
ductivity of 99.2 Btu/(hr)(ft)(deg F) at 100 deg C. The alumi- 


TABLE 1 GEOMETRICAL DATA ON FINNED TEST CYLINDER 
Axial length of test cylinder at fin base, in..............0.2++-5- 25/3 
Otitside diameteriOf MNS) ANN visisiecie d.cicleseidvsusvelr kel aris eecaieiniotae ates 813/59 
Rootidiameter of:fins, In. ace sce elas lethal eae eee ee eee 63/16 
Radisliwidth Of fins; ns ch vecre-tetorers cloleve arorsieleistoke voles ietekeuaans ean 17/e4 


Thicknhess‘of cylindrical fin base, in... ese. cas oes ou nme a wom a 3/32 
Fin thickness at tip, in AO ATIC I COM ORICTIC OO a oten EAT. weet 


Rinkthickness a 6ir00t;, Bi. sais. ors siccocle eiove ale nigel hele «eel dieia Cho aletmiesee 0.04 

Centerline spacing’ of fins iins. 3... sk eee he es wee ere 0.141 

INUMmbOriOf Fins ra sd ccc > o eirlsicrelc arate ace elerem er eiieta ann teenciotare eeeiare 18 

Base area of fin-root cylindrical surface (Ab), sq ft...........045 0.349 

Total fin side-surface area (As), 8q ft......ceeeweececcevenccene 6.67 

Cross-sectional area of flow stream between fins, measured on- 
diameter with tight baffles (Acs) sq ft............+ceeeeeee> 0.0308 

Equivalent diameter of fin passages pew: ANG os! seocaees e 0.202 

Equivalent diameter of fin passages (Deq), ft........ee000e eres 0.01683 

TABLE 2 SPECIFICATIONS OF HEATER 

TYG OL WILE. va, steeete wero eisia eistess,s st eine gies ca ote malaieteaareeee Chromel ‘‘A”’ 

Ware ime vialte, vias oveszcate anseveln sfa-eroleehupe iereePastel c, » tere ae EE TenenS B. & S. 18 

Number of Goilawis cere <ebine vale dito er otey ore) dee eas See 

Length of wire imoachr eo, £t..... es. a6 dacs sieietts aa nai e ae 55 

Length of each close-wound coil, in.............. 2s ee eens 61 

Length of each stretched coil, in............0..00eeeeeeee 87 

Resistance of each coil (cold), ohms...........00000000008 22.4 

Resistance of each coil (400 F), ohms..............-20008 23.0 

Amperage of each coil at 250-v rating, amp.............-. 9.2 

Total heat-release rate from heater at maximum output, w... 4600 
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Fic. 3 Test Section SHOWING HEATER AND TEST CYLINDER 


num machined surface was given a protective anodizing treat- 
ment before testing. The baffles were installed in contact with 
the fin tips. 

The method of arranging the heater in the test cylinder is 
shown in Fig. 3. The heater consisted of two coils of chromel 
wire, each rated at 2 kw for 250 v. These coils were wound 
spirally on a core which was built up from !/.-in. sheets of trans- 
ite. Larger end disks of transite were attached to this core and 
fitted tightly to the base section of the test cylinder, so that the 
uppermost and lowermost fin-side surfaces were exposed to an air 
stream of slightly less than one half of the cross section between 
normal consecutive fins. Power for the heater was furnished by 
two 125-v 3-kw motor generator sets. The generator voltage 
was controlled through variable-field rheostats. The transite 
end disks on the heater assembly serve as an effective initial 
barrier to endwise heat leakage. The entire assembly was com- 
pletely wrapped in a blanket of 4-in-thick glass wool before test- 
ing. 

Mixing Unit. The mixing unit was located in the transition 
duct between the test and metering sections. This consisted of a 
three-piece disk-and-doughnut section with the disk in the mid- 
dle, each piece spaced 6 in. from the next. The disk and the 
holes were each 4 in. diam. 

Metering Section. Fig. 1 shows the over-all dimensions of the 
metering section. The 4-in. orifice in the 6-in. pipe, carefully 
installed according to the Fluid Meters Report (1) with so-called 
vena-contracta taps, was considered to have a flow coefficient of 
0.684 (including velocity of approach factor) without supple- 
mentary calibration. 

Instrumentation. The heater power input was determined by a 
direct-current voltmeter (0-150 v) and ammeter (0-25 amp), both 
instruments being accurate to 0.5 per cent of full scale deflection. 
The voltage taps were connected directly to the heater terminals. 

The static pressure drop from the room to the tap just before 
the test section, and the static gage pressure at the metering 
orifice were read to 0.1 in. on vertical U-tube water manometers. 
The static pressure drops across both the baffled and sealed-in 
test cylinder and the metering orifice were obtained with Type-B 
Uehling draft gages, graduated to 0.01 in., in the range below 1 in. 
H,O; and for the higher range, U-tube water manometers were 
employed, graduated to 0.1 in. 

All thermocouples were made from Leeds and Northrup se- 
lected, 28-gage iron-constantan duplex-insulated wire. The ther- 
mocouple emf’s were read on a Leeds and Northrup portable preci- 
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sion potentiometer, Type 8662. Single thermocouples were 
employed to measure the air temperature in three locations: (a) 
Directly beside the intake-air thermometer, as a check thereon; 
(b) close behind the last “doughnut” of the mixer, with provision 
for traversing, to determine the mixed-mean heated-air tempera- 
ture; and (c) in the discharge stream from the metering orifice, to 
establish the air temperature for calculating the flow rate. Meas- 
urements of the metal temperatures in the cylindrical base sec- 
tion of the finned test specimen were accomplished by the use of 
thermocouples, the junctions of which were installed in the bot- 
tom of small holes drilled in axially to the mid-section of the 
cylinder base from one end. Light of these thermocouples were 
installed around the muff, spaced every 45 deg. 


EXPERIMENTAL PROCEDURE 


Thorough precautions were taken when assembling the heater 
and finned cylinder to insure a tight fit and seal against all 
possible air leaks. Room drafts were not allowed during a test, 
in order to insure constancy of the air source and the surround- 
ings. 

Each point required the setting of a heater power and an air- 
flow rate. Once this was done, conditions were held constant 
until a steady state was assured. A normal test then consisted 
of four sets of readings, taken at 5-min intervals, of the inlet and 
heated-air temperatures, the orifice-air temperature, and of the 
heater power; and one set of readings of the other variables. 
The readings taken only once included the metal temperatures, 
the pressures, and the wet- and dry-bulb temperatures of the inlet 
air. When making calculations, the readings which were taken 
four times were averaged for purposes of analysis. 

No test point was accepted until its heat balance had been 
judged satisfactory. . All data retained were within the maxi- 
mum limit of 10 per cent difference between the rate of energy 
reception by the air stream and the heater power input. , 


MeEtTHOopDsS OF CALCULATION 


Air-Flow Correlations. Mass flow rates and Reynolds numbers 
were calculated from the following relations 


G = W/Acs and Nre = DegG/z 


The values of » were taken at the average air temperature across 
the muff; these values were obtained from the Fluid Meters 
Report (1). 

Pumping horsepower, the total power required to pump air 
through the muff with negligible kinetic-energy and density 
changes, is calculated from the relation 


W APxp 


Ey = 33,000 X 60 paw eit rece = aes (1) 
and since 
APpsp = 62.3 AP3i/12 
[iy SS DBAS. ORS WAN EWR aa 60.0800 (2] 


For purposes of correlation in order to present Hnp as a function 
independent of density, this term is multiplied by the factor 


(pave/po)?. F Ate 
Over-all power loss per unit surface area, also multiplied by 


(pave/po)”, is calculated as follows 


62.3W AP 3i Pave 


a 2 OS | a ae Ou MONT aCe 
P 7(pave/po) 12p.2Ay 


The over-all pressure-loss coefficient is evaluated by an expres- 
sion similar to that for the friction factor in smooth pipes. Since 
in this study it was not possible to measure the pressure drop 
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Surface Conductance, h, Btu Ahr 


30 100 Soo 900 


Overall Cohaiance: U, Btu/hr-sqft-F 


Fie. 4 RELATION BETWEEN SURFACE CONDUCTANCE AND OvER-ALL 
ConDUCTANCE 


due to friction alone, the over-all static pressure drop has been 
employed for the purpose of obtaining an index of the over-all 
flow loss which could be compared to the friction factor for flow 
inside conduits, the friction factor as usual being defined as 


f/2 LY Joave Acs AP 
GA, 
where AP = frictional pressure drop. In this 
case where only the over-all pressure drop is 
known, the pressure-loss coefficient is calculated 

by the analogous equation 
Jc Pave Acs AP pp 
pee 
Zs GA, 
x 10° Pave AP3xi/G? meer [5] 


Heat-Transfer Coefficients. The mean tem- 
perature difference used in calculation of the 
heat-transfer coefficients in this study has been 
taken as that prevailing between the arithmetic- 
average metal temperature indicated by the 
thermocouples in the base of the muff and the 
average air temperature. The over-all unit 
heat-transfer conductance U is then calculated 
by the relation 


Us Ol/As Stacia tte {6] 


Magnitudes of the mean unit surface conduct- 
ance h are obtained from the over-all con- 
ductance according to the method of Harper 
and Brown (5) for tapered annular fins. 
Fig. 4 shows the relation between U and h cal- 
culated for the dimensions of the test cylinder. 


Run 
no. 


point. 
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TABLE 3 HEAT-BALANCE DATA 
-—Heat Rates, Btu per Hr— 


SY 


Air flow, 
lb per hr 


v 
or 
7) 
NOWALALRNO WONTARDO 


Elec- 

Air temp trical 
rise, deg F input 
19.6 6714 
23.5 8568 
14.5 4936 
8.7 3190 
15.1 4298 
16.0 4097 
23.1 4439 
13.2 1764 
19.3 2722 
35.2 4856 
51.5 6840 
68.5 8978 
eel, 1742 
9.5 1728 
12.5 1732 
16.1 1681 
6.4 1667 
12.4 1696 
17.6 1678 
77. 4532 
61.3 4655 
102.7 4630 
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TABLE 4 FIN-BASE TEMPERATURES 
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Fin-base temperature, deg 


90° 135° 

116.1 125.6 
124.6 136.1 
98.9 106.5 
86.4 90.2 
106.6 113.5 
110.4 117.1 
118.8 128.7 
94.7 99.4 
108.0 115.0 
137.3 150.7 
164.4 183.6 
192.3 217.6 
87.4 90.1 
91.6 95.2 
99.2 103.8 
98.8 104.1 
84.6 87.3 
92.3 96.7 
97.3 103.0 
110.5 118.1 
155.4 175.1 
192.7 220.8 


F 
180° 235° 
159.3 142.0 
178.6 153.5 
133.2 120.6 
110.2 103.6 
137.4 125.9 
139.7 128.1 
153.6 138.8 
110.9 105.4 
131.7 122.1 
180.3 160.2 
225.7 195.7 
271.6 231.8 
102.3 98.8 
106.8 102.1 
115.1 109.0 
115.8 109.1 
99.2 95.9 
108.2 102.3 
115.0 107.3 
143.6 130.1 
209.6 183.8 
256.9 227.0 
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TABLE 5 CORRELATION DATA 


Air- 
flow Mass 
Pressure Average rate, velocity, PT(pave/po)? . 
Run _ drop, density, lb per lb/ (hr) Reynolds APBpaye/po ft-lb/ (hr) 
no, in, HeO pef hr (sq ft) number in. HzO (sq ft) o/2 
1 19.43 0.0706 1390 45100 16860 18.29 261662 0.00669 
2 19.43 0.0710 1404 45600 17150 18.34 265795 0.00670 
3 19.60 0.0714 1418 46050 17420 18.65 272320 0.00655 
4 19.68 0.0729 1433 46500 17700 19.00 282129 0.00658 
“i 12.56 0.0713 1116 35200 13610 11.93 137149 0.00718 
8 10.04 0.0712 990.0 32150 12020 9.55 97118 0.00687 
9 5.96 0.0714 723.6 23500 8750 5.69 42256 0.00765 
10 3.51 0.0727 561.6 18210 6890 3.40 19666 0.00764 
11 3.45 0.0716 558.0 18100 6775 3.30 18915 0.00748 
12 3.45 0.0723 547.2 17780 6550 3.24 18731 0.00783 
13 3.39 0.0695 540.0 17520 6410 3.14 17459 0.00762 
14 3.41 0.0687 532.8 17280 6280 3.13 17129 0.00779 
17 10.23 0.0728 1019 33050 12500 9.96 104143 0.00677 
18 5.92 0.0711 756.0 24600 9260 5.78 43668 0.00690 
19 3.54 0.0704 565.2 18370 6880 3.44 19330 0.00733 
20 1.84 0.0712 392.4 12710 4760 1.80 7055 0.00805 
21 9.80 0.0729 993.6 32200 12200 9.56 97412 0.00684 
22 3.36 0.0734 554.4 18000 6810 3.28 18763 0.00756 
23 1.79 0.0729 381.6 12390 4680 1.75 6833 0.00844 
24 9.82 0.0696 982.8 31900 11980 9.47 92180 0.00669 
25 1,24 0.0701 302.0 9790 3590 1.11 3602 0.00900 F 
26 0.57 0.0676 174.2 5650 2020 0.51 921 0.01198 
TABLE 5 (Continued) CORRELATION DATA 
Heat flux 
Inlet (Qe go; U, ty 4 ‘ 
Run air, PU Atm, Over-all Surface pile 2/3 Be1e) O18 
no. deg F (hr)(sqft) deg F coefficient coefficient U(Alr)*" CG (Pr) 2/2( Atv) Cc (Atr) 
1 80.6 19210 42.9 449 38.3 413 0.00249 137.60 
2 75.4 24560 54.4 451 38.3 424 0.00257 142.9 
3 74.0 14120 29.8 474 41.8 420 0.00252 141.74 
4 73.3 9110 tly (ep 516 48.1 434 0.00264 150.04 
7 80.6 12290 28.6 429 36.6 378 0.00286 123.28 
8 82.6 11720 29.2 400 32.3 354 0.00277 109.12 
9 81.3 12710 36.2 350 26.4 316 0.00321 92.34 
10 79.0 5040 15.0 337 24.9 279 0.00341 75.93 
1l 80.0 7800 24.4 320 20.6 278 0.00306 67.64 
12 82.4 13900 48.4 287 20.0 267 0.00337 73.25 
13 81.1 19570 72.5 269 18.3 260 0.00335 71.84 
14 78.6 25680 97.9 262 17.4 261 0.00339 71.66 
17 78.4 4990 11.2 445 38.0 358 0.00272 110.09 
18 78.6 4940 13.3 372 28.9 304 0.00286 86.11 
19 82.2 4950 15.2 325 23.9 269 0.00324 72S 
20 77.9 4810 17.1 281 19.4 235 0.00389 60.44 
21 76.6 4770 10.5 455 38.4 363 0.00279 110.14 
22 75.6 4850 15.1 321 23.5 266 0.00324 71.47 
23 74.5 4850 18.1 265 17.9 223 0.00370 56.06 
24 79.9 12970 31.8 408 33.3 370 0.00292 114.01 
25 72.9 13300 62.0 215 13.2 205 0.00424 50.74 
26 71.6 13230 78.0 170 10.1 166 0.00583 40.27 


The so-called “‘local’’ values of the unit over- 
all conductance U, were calculated on the basis 
of an assumed uniform heat flux to all sectors 


ee of the cylinder and the actual measured fin- 
base temperature distribution. These local 
PHL values apply at the various angular positions. 
aul Assuming a linear temperature rise of the air 


through the fin passages, these data then al- 
low the local fin-root-to-air temperature differ- 


ence to be established, from which the local U, 
follows. Fig. 4 then yields the corresponding 


1 elie Na ] fh, it 
Gigli econ barat sero ther Tae Tus vavious Seaton 
eat al ositions. 
peat meee See e The remaining calculations need no fur- 


ther explanation. Complete details are sum- 
marized in Tables 3, 4, and 5. 


OBSERVED RESULTS 


Maximum and Average Base Temperatures. 
The variation of the maximum (rearmost in 
these tests) and average temperatures of the 
fin-base cylindrical section is represented in 
ARR’, INCHES OF WATER Figs. 5 and 6, as a function of the over-all 


Fic. 6 Reuation or AvERAGE MertTaAL TEMPERATURE, BAFFLE static pressure drop across the test section, with 
Pressure Drop, anp Heat Fiux the base heat fluxas a parameter. The state of 
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the inlet air is, in this instance, taken into account through the 
definition of the co-ordinates, that is, the metal temperatures 
are represented as differences with respect to the initial air tem- 
perature, and the air density is included in the adjustment of 
the pressure drop to standard density by means of the ratio of the 
average density to the “standard” value chosen. The points as 
plotted are adjusted to ‘‘smoothed” values of heat flux according 
to the assumption that temperature difference is proportional to 
heat flux. These curves illustrate the familiar condition of de- 
creasing return, in the form of metal-temperature reduction, as 
the air-flow rate is increased with the heat-dissipation rate re- 
maining fixed. 

Demonstration of Effect of Baffles on Temperature Distribu- 
tion. In order to illustrate the need for baffles around a finned 
cylinder of the dimensions tested, if the temperature distribution 
is to be kept within bounds, reference is made to Fig. 8. Com- 
parative base-temperature distributions are presented for baffled 
and unbaffled cylinders for a fixed air-inlet temperature and with 
the over-all heat-dissipation rate being nearly the same. These 
patterns demonstrate that the air simply will not flow properly 
around and in-between the relatively deep fins on the rear of the 
test cylinder without the guiding influence of baffles. 

Relation Between Air-Flow Rate and Over-All Static Pressure 
Drop. While it is the mass flow of air which accomplishes the 
transfer of heat, it is the over-all total pressure drop which repre- 
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sents the flow-energy ‘“‘potential’’ which must exist in order to 
cause the flow of air. For these tests the total and static pressure 
drops are essentially the same. The relation between the flow 
rate and the static pressure drop thus becomes an important step 
in establishing or predicting performance. Fig. 7 presents these 
data on an over-all basis for the test system. The mass velocity 
through the fin passages is also included because of its funda- 
mental role in characterizing the heat-transfer and flow processes 
in the fluid stream. 

This treatment of the data implies an effective constant density 
for the air stream at the average temperature and pressure across 
the test cylinder. It is fully recognized that this approximation 
has a limited range of validity, and that density variations and 
component flow losses entering, through, and leaving the fin 
passages need to be considered in this problem. 

Visual Flow Pattern. Before taking up the fundamental corre- 
lations, it will be helpful to consider the behavior of the flow 
stream with respect to the flow problems relating to the tempera- 
ture patterns presented. 

Figs. 9 and 10 present typical flow patterns obtained in a 
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special visual apparatus with a full-scale installation of a section 
of the test cylinder. A slurry of aluminum powder in water is 
employed as the photogenic flow medium. Similarity to the air- 
flow case is characterized by maintaining comparable magnitudes 
of the Reynolds number in the fin flow passages. 

By comparing the two illustrations, representative of high and 
low flow rates, it may be observed that no noticeable discontinui- 
ties of flow behavior need be expected within the range covered. 
The difference between water, behaving as an incompressible 
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fluid, and air, a compressible fluid, is recognized; but this is no 
handicap for qualitative purposes in the range of air tests covered. 

A careful study of the flow pattern will show up such details of 
interest as: (a) Flow around the entrance lip of the baffle with 
some separation to be noted; (6) partial stagnation and turning 
of the flow approaching the cylinder ‘‘head-on;” (c) traces of the 
secondary radial-flow component as the flow develops within the 
curved passage covered by the baffle; (d) abrupt separation of 
the flow from the base cylinder near the end of the baffle coverage; 
(e) the large eddy-stagnant area over the rear of the fins; (f) inter- 
action of the two jets behind the cylinder; and (g) eddy dissipa- 
tion in the section of abrupt fluid shear as the jet passes through 
the downstream region of ‘still’ fluid to lose eventually its excess 
of directed kinetic energy. 

Since an effective transfer of heat from a surface by a fluid 
stream requires a clean and rapid “sweeping”’ of the surface at all 
points, the nature of these visual flow patterns would indicate 
that the finned surfaces of the test cylinder are subjected to par- 
ticularly unfavorable heat-transfer conditions within the eddy- 
separation zone over the rear, and to a lesser extent in the stagna- 
tion region over the front. These unfavorable conditions are 
accompanied by related undesirable distortions of the tempera- 
ture distribution. 


FUNDAMENTAL H&AT-TRANSFER AND FLOW CORRELATIONS 


Mean Unit Over-All Conductance and Its Variation With Air- 
Flow Rate and Heat Flux. The mean unit over-all conductance, 
as calculated in these studies, covers many component influences 
of local conditions. The approach employed here need not be 
accepted as final, particularly in regard to the definition of the 
effective over-all mean temperature difference which has been 
invoked. The over-all arithmetic mean implies that the cylinder- 
base temperature is either constant or of linear variation from 
front to rear, that the rate of heat gain by the cooling air stream 
is the same for each unit of the circumference swept over from 
front to rear, that the fin effectiveness has the same value at all 
points about the cylinder, and that there is no radial variation of 
air temperature at any point around the cylinder. It is to be 
recognized that these conditions may be met only to various de- 
grees of approximation in the actual cylinder assembly. 

Without more detailed experimentation, it is possible to 
establish the effect of these approximations only indirectly 
through calculations and cross-checks of the data correlations. 
To begin with, under the idealizing postulates the mean over- 
all conductance would be desired to be a function of the air-flow 
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rate and fluid properties only. This thought was investigated 
through the checking of data obtained at constant heat dissipa- 
tion and varying air flow by cross-runs at constant air flow and 
varying heat dissipation. It was determined in this way that 
the mean over-all conductance, as defined, was a function of both 
the air-flow and heat-dissipation rates, the fluid properties re- 
maining essentially constant. 

Fortunately, the influence of the heat-transfer rate on the 
over-all conductance was found to be small. It was decided to 
represent this influence empirically as a correcting function of 
the mean temperature difference raised to some power, which 
was found to be —0.10 for these tests. Fig. 11 shows the data 
on which this observation is based. Thus in all correlations 
involving the over-all conductance as a function of the air-flow 
rate, it is necessary to remove the scatter occasioned by different 
heat-dissipation rates by plotting not the conductance U, alone, 
but the product U(At,,/ Ato)" 9. The factor Ato is an arbitrary 
constant reference temperature difference, taken as 100 F. Fig. 
12 shows the corrected mean unit over-all conductance repre- 
sented as a function of the mass velocity in the fin spaces for the 
test conditions. This unusual effect of temperature difference in 
turbulent flow points to new factors involved in this type of 
apparatus. These are believed to include the effects of non- 
uniformity of flow and temperature in the fin spaces. 

Calculated Mean Unit Surface Conductance and Its Variation 
With Air Flow and Heat Flux. Next, turning to the mean unit 
surface conductance h, it is expected that similar approximations 
apply, particularly since the surface conductance is calculated 
analytically from the over-all conductance. But since the rela- 
tion between the mean over-all and surface conductance is not 
one of direct proportionality, the resultant effect would be of a 
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slightly different magnitude in the two cases. In Fig. 11 the 
same empirical approach is shown, establishing the mean unit 
surface conductance to be proportional to the —0.16 power of 
the over-all mean temperature difference employed. 

Before discussing the correlation of this calculated conductance, 
it may be well to consider more closely the method and inherent 
hmitations of its determination. The Harper and Brown (5) 
procedure is judged to be the most satisfactory analytical means 
currently available for relating the over-all and surface conduct- 
ances. But the present data have the limitation of dealing only 
with mean values. Mean values offer difficulties of generalized 
extrapolation for systems which are not dominated by fully de- 
veloped flow and thermal fields. The finned-and-baffled-cylinder 
studies have flow and thermal fields which are strongly influenced 
by upstream and entrance-flow conditions, passage curvature, 
variations in fin-surface temperature, flow separation, and stream 
interaction at the exit. Large variations locally in the unit sur- 
face conductance would be expected under these conditions, so 
that any mean value would be unfair to the best local performance 
and overly favorable to the poorest local performance. Pre- 
liminary results of analyses dealing with the calculation of local 
radius-mean conductances will be reported in this paper to sup- 
port the fundamental inadequacy of over-all mean data. 

The mean unit surface conductances inferred from the over-all 
data, and corrected for the effect of heat flux, are presented in 
Fig. 13 as a correlation of NstVp,/ 3(At,,/ Ato)°-1® versus Ne. 
The choice of At) = 100 F is seen to make the data correspond 
with the accepted function for straight passages at a Reynolds 
number of approximately 4000. Since experimental values of 
At,, varied from 10 F to 98 F, this empirical correction has had 
the effect of lowering very slightly the test points from the un- 
corrected level. 

These data serve to demonstrate that the mean heat-transfer 
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characteristic of the fin passages is similar to that of straight 
passages, but that at the same time there are differences which 
are too apparent to be overlooked. An effort was made to ex- 
plore the possible effect of employirig a local surface conductance 
instead of the over-all mean. Through a procedure to be indi- 
cated subsequently, the maximum local surface conductance was 
estimated for the four representative points shown in Fig. 13. 
It is seen that these maximum points are more in line with the 
accepted data for straight passages, so the trend shown by the 
mean values may be partially explained in terms of the unit sur- 
face-conductance distribution being variable with flow conditions. 

Relation Between Maximum Unit Surface Conductance and 
Over-All Power Loss per Unit of Surface Area. Fig. 14 shows the 
calculated maximum unit surface heat-transfer conductance 
which occurs at point about halfway through the baffles, as a 
function of the over-all unit power loss. The comparison of these 
data with data for heat transfer for flow inside tubes is favorable, 
which indicates that on the basis of heat transfer from the finned 
surfaces inside the baffles, no great improvement of the maxi- 
mum transfer can be expected from subsequent design changes 
unless some special effects are invoked. 

Since the mean-temperature difference is evaluated as a radial 
mean and is not the over-all circumferential mean, there is not 
believed to be necessity for the temperature-difference correction 
which has been shown necessary for the over-all case. 

Over-All Pressure-Loss Coefficient. A measure of the extent 
to which over-all flow losses in the assembly tested were found to 
exceed those which would occur for isothermal flow through 
straight tubes (6) is indicated in Fig. 15. As indicated previ- 
ously, in Equations [4] and [5], the over-all static pressure-drop 
data have been reduced by an equation equivalent to that defining 
the friction factor, to establish the “over-all pressure-loss co- 
efficient.”” By comparing these magnitudes with the accepted 
friction-factor data for tubes, it becomes immediately apparent 
that the effects of entrance, internal curvature-induced, frictional; 
eddying, and separation losses, and the poor flow conditions at the 
exit are of considerable magnitude. 

It may generally be remarked at this juncture that test runs 
with the fin-passage Reynolds number extending down to about 
1000 showed no tendency in the over-all loss to pass through the 
“dip” region of the friction factor in the transition between 
laminar and turbulent flow. This indicates that the fin-passage 
flow is too far under the influence of entrance, exit, and curvature 
conditions to allow the normal development of true laminar-flow 
behavior in this test range. 

Calculated Local Magnitudes of Unit Surface Conductance. The 
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uniform nature of the electrical heating employed in these tests 
permits calculations to be made of the local surface conductance 
for the fins, under the assumption that the rate of heat transfer 
per unit of circumferential angle is constant around the cylinder. 
This calls for a linear variation of mean cooling-air temperature 
from the front to the rear of the cylinder. Then, having the fin- 
base temperature from direct experimental data, local unit over- 
all conductances U may be calculated for different positions 
around the cylinder. From the pattern of these over-all con- 
ductances around the cylinder the corresponding local unit sur- 
face conductances may be determined according to procedure es- 
tablished for relating U and h,indicated in Fig. 4. The surfacecon- 
ductance thus established is a mean over a radial sector of the fins. 

For precise results calculation of circumferential heat conduc- 
tion would have to be considered. Preliminary estimations indi- 
cate that the proportion of such heat flow is small. Considera- 
tion of such conduction would result in even lower values of h at 


the rear of the cylinder. 


An example of the air and fin-root metal-temperature distribu- 
tions for a representative run is shown in Fig. 16. The metal 
temperatures represent averages from both sides of the cylinder. 
Fig. 17 presents the distribution of unit over-all conductances for 
four values of the fin-passage Reynolds number, where the 
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maximum conductances are observed to range from 30 to 50 per 
cent above the minimum values. The nature of these variations 
is quite in accord with the pattern of the flow stream about the 
cylinder. Corresponding magnitudes of the unit surface con- 
ductance are shown in Fig. 18. 

In due fairness to the performance of the fin surfaces it is 
again to be pointed out that the conductances are quite favorably 
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high where the flow stream is enclosed by the baffles; and that 
where the conductances are shown to be low over the unbaffled 
portions, then the effective Reynolds number for the flow stream 
in these regions is also low, due to the fact that here the full 
stream is not passing circumferentially between the fins. A 
complete adjustment of the data in terms of actual local condi- 
tions can be made only with the aid of properly detailed point-to- 
point experimental studies. 

The mean unit surface conductances as previously calculated 
from the mean unit over-all conductances are also shown in 
Fig. 18 for reference. The maximum conductances from these 
‘curves are those representing the four corresponding points in 
the general correlation of Fig. 18. These maximum points have 
been previously noted as representing slightly better performance 
than the accepted data for straight tubes. It is observed that 
the angular position of the maximum conductance increases with 
increasing flow rate, presumably serving as an indication of the 
influence of the entrance- and exit-flow effects upon the de- 
velopment of the flow within the covered passages. 


CoNCLUSIONS 


1 Heat transfer from a finned-and-baffled cylinder of the pro- 
portions tested has been found to be generally similar to the be- 
havior of a heat exchanger composed of a set of parallel passages. 

2 The local patterns of metal temperatures and flow condi- 
tions have been emphasized as governing the resultant heat- 
transfer processes in the fin system. 

38 The over-all rate of energy loss in the flow stream has been 
pointed out to be considerably higher than that for frictional 
dissipation in straight smooth passages, due primarily to the 
influence of entrance and exit conditions. 

4 Possible applications of the data obtained to performance 
problems in engine-cylinder cooling may be developed. 
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Discussion 


C. M. Asutry.' Comments have been made concerning the 
radial movement of elements of the stream flowing between the 
fins. The writer believes that this radial movement can be ex- 
plained by considering the fact that the circumferential move- 
ment of the stream in the fin passage constitutes in essence, a 
portion of a vortex. With initially uniform pressure for all parts 
of the stream, the velocity of that portion of the stream flowing 
at the outer portion of the fin will be lower than that flowing at 
the inner portion ‘with correspondingly higher static pressure. 
Next to the fin, however, the fluid friction slows down the cir- 
cumferential velocity, thus permitting the difference of pressure 
between the inner and outer portions of the fin to become effec- 
tive, and resulting in an inward flow of fluid along the surface of 
the fins. In order to balance this there must be an equal outward 
flow in the main portion of the stream. 


G. K. Bernuarpt.® The authors have made a valuable contri- 
bution to those concerned with heat transfer from finned surfaces. 
This paper did not mention how the authors treated the radia- 
tion effects. Although these effects should be small, the writer 
would appreciate a discussion of how they accounted for the 
radiation between the fin surfaces and from the barrel portion of 
their muff. 


F. A. McCurntocx.? In calculating the local surface con- 
ductance, the authors assumed that “the rate of heat transfer 
per unit of circumferential angle is constant around the cylinder.” 
This assumption seems valid enough for the heat flow to the in- 
side of the muff when radiant heat is used, but if there is a cir- 
cumferential flow of heat, the flow from the outside of the muff 
will not be constant around the cylinder. The presence of a cir- 
cumferential temperature gradient indicates that there must be 
some circumferential heat flow. The following analysis shows 
that, for the authors’ tests, the local surface conductances are 
markedly in error because the circumferential flow was neglected, 
and that an appreciable amount of the heat flow to the rear of 
the cylinder was carried away by conduction along the walls: 

The cylinder height is designated by Z and the other symbols 
are as shown in Fig. 19 of this discussion. Term q is defined as 
the rate of heat flow per unit area. The mean temperature of 
the wall 7 and the rate of heat flow to the inside wall 2xroLqro 
are known. Each side of the cylinder is cooled by the flow of air 
W/2, whose specific heat C, and initial temperature 7’; are 
known. 

For steady-state conditions, the heat efflux from any given 
section must equal the influx, as follows 


qnri LAO + (qo + Age)tL = gn ro LAO + goth...... (7] 


By rearranging 
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The rate of circumferential flow per unit area gq is equal to the 
negative of the thermal conductivity of the wall times the 
temperature gradient 


aT 
ga =—k— and 
r 


a) 


If the temperature gradient is constant from 7» to 7;, Equations 
[7a] and [8] can be combined as follows 


ni? Ite AN HFG 

ee es eas | bd el lll [9] 
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where r,, is the log mean radius of a radial section. 
As A@ approaches zero, Equation [9] becomes 

r igh PME 
fats) Ser teh 2 Sareea (9a] 
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WITTY . F : a 
The term ae is unity when the heat flow to the inner wall is 


Grol 
lig GRA 
GroT0T m de? 
denotes the ratio of net circumferential flow to radial inflow at 
any section. 
Exact evaluation of the terms is difficult for two reasons: (a) 


The second derivative of temperature with respect to angular 
nn CHE 
position 102? depends to a large extent on how the tempera- 


equal to that from the outer wall. Therefore the term 


ture-angle curve is faired. (b) The temperatures and hence the 
circumferential gradients in the fins are less than those in the base 
metal, so that if the thickness ¢ includes the fins, the estimated 
circumferential flow is too high. 


mn: 


2 


Fie. 19 


611 


The run plotted in the authors’ Fig. 16, and shown as R, = 
2020 in Figs. 17 and 18, is takenasanexample. A trigonometric 
series was fitted to the mean temperatures at the five points, with 
the condition that the slope was zero at the front and rear of the 
cylinder. This condition must be satisfied if the second deriva- 
tive is to be finite at those points. The resulting second deriva~ 
tive was —151 deg F/radian?. A power series fitting the same 
points and conditions gave a second derivative of —464 deg F/ 
radian?. If a curve is chosen so that the second derivative is 
constant between the 135-deg point and the rear of the cylinder, 
the second derivative has the least possible magnitude, which 
turns out to be —108 deg F/radian?. The trigonometric series 
is used here because it seems to give the most reasonable result, 
namely, —151 deg F/radian?. The full cross-sectional area of 
the fins was used in calculating the thickness ¢, and the log-mean 
radius r,. The following values are used in solving Equation 
[3a] for the circumferential flow: 


k = 100 Btu hr7! ft~! deg F-! rm = 0.2578 ft 
qd = 18,460 Btu hr~! ft~? Tm = 0.288 ft 
To = 0,250 ft t= 010275 it 
tod Circumferential flow = kt @T Pats ‘ 
Inflow GroT ol m db? 


Because of the assumptions, the ratio may be less, but it is 
almost certainly over 20 per cent. At other locations on the 
muff it is even harder to estimate the second derivative accu- 
rately, but it may be as much as one third of that at the rear, with 
resulting circumferential flows of 5 to 10 per cent. Therefore 
the plot of local surface conductance, Fig. 18 of the paper, may 
be significantly distorted, especially at the rear of the cylinder. 
More data would be necessary to determine the actual shape of 
the surface-conductance plot to see if the surface conductance 
may be practically constant in the baffled region. In cylinder 
heads, where the wall thickness is greater, metal conduction may 
well account for the major part of the cooling. 

Circumferential heat flow also makes the air-temperature rise 
deviate somewhat from a straight line. The air temperature can 
be calculated as follows 


6 
QntiLdé 
Tian eles a  huesanovoaosoullhl 
+ ) W/2 C, {10] 
Substituting for gam from Equation [9a] 
Qroro Ld kiL dT 
hs = HE SS de SS Ss Mn 11 
; a8 W/2) GC, Mi W/2 Corm a6 1] 


The last term gives the deviation from a straight-line function, 
which in this case does not exceed 5 deg F. 


R. G. VanpDERWEIL.2 The illustrations showing the flow 
characteristics through the baffled fins were taken from water- 
flow patterns. Were any provisions made to guarantee that this 
water pattern is actually the same as the pattern resulting by 
the use of air? If such provisions were made, how did the Reyn- 
olds number of the water flow compare with the Reynolds num- 
ber of the actual air flow? 


W. R. Wyxorr,® The authors deserve credit for attempting 
to break these data down into local heat-transfer functions. It 
is apparent to those who have attempted to predict cooling per- 
formance with data for the type of finned cylinders involved, 
that over-all data are very restricted as to extrapolation to other 


8 Office of Consulting Engineer, Chase Brass & Copper Co., 
Waterbury, Conn. 

9 Experimental Test Engineer, Pratt & Whitney Aircraft, East 
Hartford, Conn. Jun. A.S.M.E. 
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than the original test conditions. It appears necessary to expand 
approximate point variable analyses of this type, including both 
eomponent pressure-loss and heat-transfer functions, in order to 
predict effectively the performance of fin passages over the maxi- 
mum attained operating range. 

The authors have pointed out that over the unbaffled portions 
at the front and rear of the muff, the full air stream does not 
pass circumferentially between the fins. Also, they have 
used the mean stream temperature for computing local heat- 
transfer coefficients in these front and rear regions, as well as 
in the baffled section. It would appear from observation of 
the flow patterns, that a rather large radial-temperature gradient 
exists in the air stream over the unbaffled fins. Thus it is felt 
that the local coefficients over these exposed sections are only 
equivalent functions and should be so designated by broken lines 
in Fig. 18. 

In Fig. 14 the authors have plotted a local heat-transfer factor 
against an over-all power loss. In order to rate fairly the heat- 
transfer surfaces a local power loss should be used. In the cal- 
culations reported, baffle entrance and exit losses, which make up 
an appreciable component of the over-all loss, are included. If 
these losses were removed, the experimental points shown 
would fall slightly above the “tube” line. This can be explained 
perhaps as an effect of the radial ‘“‘sweeping”’ component of flow 
in the fin passages, as noted by the authors. 

Furthermore, in regard to the ‘‘mean-temperature difference 
effect” in Fig. 11, what is the interpretation of this? Presuma- 
bly, any quantity which is properly designated as a “‘conduct- 
ance” should be independent of the potential acting. 


AutHors’ CLOSURE 


Even beyond the clarification of incidental details in this paper, 
the authors are appreciative of the opportunity given by the dis- 
cussers’ comments to speak further concerning the basic in- 
terpretation of the results released for publication. 

Mr. Ashley’s comments on the flow behavior in the fin passages 
are in accord with the expected effects which were observed in 
the visual study. Still further evidence has been gained from an 
enlarged scale model, where pressure and velocity distributions 
could be obtained. 

As to Mr. Bernhardt’s question on radiation, no analysis of this 
has been attempted as yet. Radiation would have a small effect 
on the fin surface-temperature pattern within the fin spaces, and 
radiant exchange with the surroundings would enter as a small 
term in the heat balance. Quantitative investigation remains for 
the future. 

Mr. McClintock has brought forth the question of heat conduc- 
tion in the circumferential direction, which has been skipped over 
in the published discussion. For purposes of practical judgment, 
it is unfortunate that run 26, as analyzed in Fig. 16 according to 
the approximate method adopted by the authors, was the one at 
the very lowest air-flow rate. At higher rates of air flow and 
heat transfer Mr. McClintock’s Equation [9a] will yield much 
lower proportions of circumferential conduction. 

There exists some question of how closely the idealized cylin- 
drical-shell system of Fig. 19 may be taken as representing a cool- 
ing-fin system. While the discussers’ comments mention some 
uncertainty, indeed, it has been the authors’ preference to adopt 
somewhat different analytical procedures for a quantitative study 
of how much error is introduced through adoption of the simplest 
one-dimensional concepts for preliminary and entirely practical 
purposes, The actual system is three-dimensional in its behavior 
at any point. An initial experimental study of fin and air tempera- 
tures over all radial and circumferential-angle positions has 
shown very interesting temperature patterns, which at once dem- 
onstrate the weakness of one-dimensional simplifications. Ana- 
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lytical studies in two-dimensional co-ordinates (radial and circum- 
ferential) lead to a system of partial-differential equations which 
are basically significant but solvable only by tedious methods. 
Some preliminary calculations, however, have demonstrated the 
fundamental importance of the circumferential conduction com- 
ponent over the unbaffled portions of the finned cylinder; but, 
contrary to the implications of Mr. McClintock’s numerical re- 
sults, these calculations have shown that designs of engine-cylin- 
der fins may generally be made to an accuracy compatible with 
production and assembly tolerances without allowing for the 
presence of circumferential conduction. Thus for the time being, 
such refinements will be developed slowly rather than adopted 
immediately. 

The whole broad question of developing basic design procedures 
with fin-base circumferential temperature distribution as one of 
the variables remains for future consideration. 

In replying to Mr. Vanderweil, the fin-passage Reynolds num- 
bers, based on the mean velocity, were kept within the same range 
for the air and water tests. Lampblack patterns have been ob- 
tained on the fin surfaces with air flow, and these appear to be the 
same as for the water tests. The greatest inadequacy of the visual 
pictures in comparison to the actual system lies in another point. 
This point is that the fin passage in which the photographs were 
taken was formed by substituting a sheet of plate glass for a fin. 
This substitution changed the entrance contraction, the cross- 
sectional form, and the exit contraction of the topmost passage as 
compared to the others. Justification resides in the fact that the 
visual studies were employed for qualitative purposes only. 

Mr. Wykoff’s comments concerning Fig. 18 are appreciated 
and agreed with. He is also correct in regard to Fig. 14. Data 
from other tests have allowed independent determination of the 
frictional loss within the baffle-enclosed passages, which has been 
shown to be roughly two thirds of the over-all loss. 

Then the “mean-temperature-difference effect”’ of Fig. 11 comes 
up for further explanation. The authors offer this as nothing 
more than an empirical result, obtained from the particular test 
installation, instrumentation, and procedures of data analysis 
which were employed in these tests. The so-called “‘conduc- 
tances” reported are not to be employed for calculations outside 
of the range of the test results. These preliminary tests simply 
did not include sufficient internal measurements within the test 
specimen to allow a more satisfactory analysis of the data. The 
demonstrated weaknesses of the over-all treatment may serve 
as an excellent example of how real systems do not usually behave 
in accord with simple idealizing postulates. The interpretation of 
Fig. 11 is therefore that the over-all-mean procedure, as applied 
tothe temperature difference and the conductance U, is basically 
inadequate. This has been known for several years, but the prac- 
tical slant follows the reply to Mr. McClintock. 

Readers will also recognize that the conductance h has been 
calculated and not directly measured. This leads to the possi- 
bility of a small error in the magnitudes reported; but this is no 
worse than the use of an over-all mean. 

By way of further interest to those concerned with applica- 
tions to design problems, it is hoped that the eventual removal of 
wartime restrictions will allow release of the very considerable 
amount of additional data which have been obtained in other 
more comprehensive studies. The flow-system design problems, 
in particular, have been entirely neglected in this paper. Yet in 
some respects, and particularly for low-density air, the flow-loss 
design requirements may be more critical than those for the over- 
all heat transfer. ; 

The combined challenges of obtaining improved basic data and 
extending application design methods to meet all problems en- 
countered in practice are, however, goals within the grasp of con- 
tinued effort. 


Local Coefficients of Heat Transfer for 
Air Flowing Around a Finned Cylinder 


By W. H. McADAMS,' R. E. DREXEL,? ann R. H. GOLDEY® 


This paper describes an apparatus for measuring local 
coefficients of heat transfer, hitherto never obtained fora 
jacketed or baffled-finned cylinder. The inner surface of 
the vertical cylinder was divided into narrow vertical seg- 
ments to collect steam condensate, a measure of the local 
flux. Since the over-all heat balances agreed within a few 
per cent, local heat balances were used to calculate local 
air temperatures. Wall temperatures of the base of each 
segment were measured by calibrated thermocouples, and 


‘local coefficients of heat transfer were determined at 11 


stations around one half of the cylinder. The results were 
easily duplicated and the condensate from the undivided 
side agreed closely with that from the divided side. Aver- 
age surface coefficients from fins to air agreed satisfactorily 
with published data. For a given Reynolds number, tem- 
perature difference had no effect on the Stanton number. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


A = area of total air-cooled heat-transfer surface, 12.6 
sq ft 
A, = area at base of fins, 0.686 sq ft 
A, = local area at base of fins for 1 segment, 0.0312 sq ft 
a = dimensional term ~V/ 2h/(kx,,), reciprocal feet, 
in equation for effectiveness 
C = correction factor in Equation [1] for effectiveness, 
dimensionless 
Ce = for curvature, Fig. 9 
Cr = for taper, Fig. 9 
c, = specific heat of air, 0.24 Btu per lb per deg F 
D, = equivalent diameter of gas passage arbitrarily 
taken as D, = 4sw/2(s + w), ft 
e = base of natural logarithms 
jf’ = over-all friction factor, dimensionless, in Fanning 
equation: 
4f' LG? 
Ae 29.D.p 
G = mass velocity, lb air/(hr)(sq ft of cross-sectional 
area of gas passage 90 deg from front of cylinder) 
h = surface coefficient of heat transfer, from surface of 
fins to air, Btu/(hr)(sq ft)(deg F difference in 
temperature), from U and Equation [2] 
h, = based on arithmetic mean At 
h, = based on local At 
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h,, = based on logarithmic mean At 
k = thermal conductivity of fins, Btu/(hr)(sq ft) (deg 
F/ft) 
LZ = nominal length of air travel, arbitrarily taken as 
a(R, + 0.5w), ft 
q = rate of heat transfer for entire finned cylinder, 
* Btu/hr 
gz = rate for 1 segment having base area A, 
R = radius, ft 
R, = radius at base of fins, ft 
$s = mean spacing of adjacent fins, ft 
s, = fin spacing at base of fins, ft 
s, = fin spacing at tips of fins, ft 
t = local air temperature, deg F 


temperature of entering air, deg F 

t2 = temperature of exit air, deg F 

local temperature of base of fins, deg F 
tym = length-mean temperature 


U = apparent coefficient of heat transfer, U = q/ 
A(t, — t), Btu/(hr) (sq ft of base area) (deg F, base 
to air) 

Um = mean value, from Equations [4] and [5] 
U, = local value, from Equation [3] 

w = width (radial length) of fin, ft 

w' = w+ 0.54, ft 

x = thickness of fin, ft 

Xm = mean thickness of fin, ft 

x, = fin thickness at tip, ft 

At = temperature difference, deg F 
At, = arithmetic-mean temperature difference 
At,, = logarithmic-mean temperature difference 

n = effectiveness of tapered radial fin, dimensionless, 
from Equation [1] 

n’ = approximate effectiveness, tanh aw’/aw’ 

» = viscosity of air at mean bulk temperature, lb/ 
(hr) (ft), equal to 2.42 X centipoises 

p = density of air at mean bulk temperature, pounds/ 
cu ft 

D,G/u = Reynolds number 
hm/C,)G = Stanton number 


INTRODUCTION 


The finned cylinders of air-cooled engines are provided with 
external baffles which jacket a portion of each cylinder and cause 
the air to flow between the fins. It is known that the cooling of 
the cylinder may be profoundly influenced by factors such as the 
extent to which the baffles cover the cylinder, the clearance be- 
tween the baffles and the tips of the fins, and the shape of the 
baffle at the air entrance and exit. For the important case where 
the air velocity through the passages between the fins is known, 
average coefficients of heat transfer for the entire finned cylinder 
are reported in the literature, but local coefficients are not availa- 
ble. 

The purpose of the present study was to develop an apparatus 
for measuring the local coefficients of heat transfer around a 
jacketed or baffled-finned cylinder. 
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APPARATUS DEVELOPED IN INVESTIGATION 


The apparatus developed in this investigation consisted of a 
special finned heat-transfer surface constructed so that local heat 
flux could be measured, a blower to draw air through the test 
section, a boiler to supply steam, and standard orifices. Fig. 1 
is a diagrammatic sketch of the apparatus. The cooling air 
passed through an entrance fairing and then across the baffled- 
finned cylinder into a mixer after which the air temperature was 
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Fig. 1 DragramMMatic PLAN or APPARATUS 


(Entrance fairing always starts 20 in. from leading edge of fin.) 


measured. The ducting between the test section and the mixing 
section was insulated with hair felt 1 in. thick. After flowing 
through straightening vanes, the air was metered by a standard 
orifice and passed to the blower and out to the room. The blower 
was driven by a 5-hp variable-speed motor. 

Steam free from impurities, which would cause dropwise con- 
densation, was generated in a gas-fired boiler at a gage pressure 
of 15 psi; the pressure was reduced by passing the steam through 
aregulator. Moisture was removed from the steam in a trap, and 
the steam was superheated as it passed through an electrically 
heated section of pipe before entering the test section. 

The heat-transfer surface consisted of two aluminum-alloy 
muffs from an air-cooled airplane engine. The fins of nonuniform 
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width were machined off and the remainder of the muffs,‘ Fig. 2, 
were shrunk onto a vertical steel barrel having the same outside 
diameter (6.015 in.) as an actual engine cylinder. One side of the 
barrel was divided into eleven vertical segments, Fig. 3, which col- 
lected steam condensate (1). The equally spaced segments were 
formed by steel strips silver-soldered into slits cut entirely through 
the barrel on a milling machine, provided with a dividing head.® 
A machined ring, Fig. 4, silver-soldered to the division strips 
and cylinder, collected the condensate which flowed out of the 
apparatus into 100-ce graduates through 4/s-in. copper tubes and 
U-bends of glass tubing which served as liquid seals. 

A cross section of the test section is shown in Fig. 5 and indi- 
cates the methods used to prevent heat losses by conduction from 
both ends of the test section and the precaution taken to collect 
only the condensate resulting from heat transfer from the finned 
surface. To prevent heat loss from the top of the test section, 
the top of the nonfinned portion of the barrel was kept at steam 
temperature by the steam in the upper chamber made of 8-in. 
steel pipe. The horizontal glass plate supported by pegs pre- 
vented condensate from the top cover from dripping into the 
collector ring. In the lower steam chamber the condensate 
lines were bathed in steam to prevent heat losses. The conden- 
sate level was kept constant in the drain lines by adjusting the 
pressure inside the apparatus by means of a needle valve in the 
inlet steam line and by adjusting the water level in a water seal 
used as a final pressure regulator. To make ctrtain that conden- 


4 Each muff had an inside diameter of 5.995 in. and a diameter of 
6.188 in. at the base of the fins. Each fin had a width (radial length) 
of 1.11 in., and the thickness decreased uniformly from 0.040 in. at 
the base to 0.020 in. at the tip. The center-to-center spacing of fins 
was 0.141 in.; since the average thickness of each fin was 0.08 in., 
the average clearance was 0.111 in. The total cross section between 
the fins was 0.0616 sq ft. The two muffs contained 36 such fins and 
the total air-cooled surface was 12.6 sq ft. The height of the two 
muffs was 5.09 in., and the total area at the base of the fins was 0.686 
sq ft. Since each segment represents 1/22 of the total base area, Az . 
was 0.0312 sq ft. 

5’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

6 Drew and Ryan (1) first used this method of measuring local 
flux and applied it to a bare vertical cylinder placed in the center of 
a wind tunnel. 
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sate was not overflowing from the collector ring, sight glasses 
were installed in the top cover of the test section so that frequent 
observation of the interior of the apparatus could be made; 
film-type condensation was always obtained. Steam was veuted 
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from both the upper and lower chambers, to remove noncondensa- 
ble gases. Fig. 6 shows the test section. 

Calibrated thermocouples (No. 30 copper-constantan) were 
inserted in slots in the base of the bottom muff and cemented in 
place with “Insalute’”’ cement prior to heating the muffs and 
shrinking them onto the steel barrel. The the:mocouples were 
connected to a cold junction immersed in an ice bath, and a 
Leeds and Northrup portable precision potentiometer (Serial 
No. 347007) by means of aselector switch. A couple was located 
at the center of each segment 2 in. from the bottom of the lower 
muff. Thermocouples were also placed in the steel barrel and at 
different depths in the muff on the undivided side. The locations 
of thermocouples 1-16 are shown in Fig. 7. Air temperatures 
were measured by a shielded thermocouple (No. 19) in the inlet 
stream, by a shielded couple (No. 17) 1 in. behind the trailing 
edge of the muff, and by a thermocouple (No. 18) after the mixer. 
Temperatures of the air at the orifice, of the inlet steam, and of 
the vent steam from the bottom of the apparatus were taken 
with thermometers. 

Statie pressures were measured before the test section and be- 
fore the orifice. Pressure drops across the test section were 
measured from the pressure tap 1 in. in front of the leading edge 
of the muff to pressure taps 1, 2, 3, 4, 5, and 7 in., respectively, 
from the trailing edge of the muff. The pressure drop across the 
orifice was also measured. 

Tests were made with a jacket, Fig. 7, and with a bafile, 
Fig. 8. To determine whether temperature difference had any 
effect on the heat-transfer coefficients, the inlet air was preheated 
in some runs (Series B); heating steam was available at a gage 
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pressure of 40 psi. In these runs the entrance fairing was re- 
placed by a special section consisting of an air heater, a disk- 
and-doughnut mixer, and straightening vanes. 


PRocEDURE FOLLOWED IN TEstTs 


When the test section had become heated, the blower was 
started and the speed adjusted to give the desired air-flow rate. 
The steam valve was again adjusted to maintain the steam- 
chamber pressure at 7 cm of water gage. Water was then forced 
back into the apparatus through all the drain lines to remove air 
bubbles. The apparatus was then allowed to run for about !/2 
hr, until steady-state operation was secured. 

The run was started when consistent readings of several! ther- 
mocouples indicated that a steady state had been reached. 
Eleven 100-ce graduates were simultaneously placed under the 
condensate outlets from the divided side of the cylinder; a 
beaker was placed under the condensate outlets from the un- 
divided side of the cylinder; and the timer was started. Con- 
densate was collected during three consecutive intervals of equal 
duration. Constancy of the amount of condensate from a given 
segment during each interval was a confirmation of steady-state 
operation. All the readings of the thermocouples, thermometers, 
and manometers were recorded during each interval. Runs 
lasted from 30 to 90 min, depending upon the air-flow rate. 

The consistency of the data taken in the three different parts 
of a run is a test of the reproducibility of the data. Table 1 
gives the complete data for run 6-J. The volumes of condensate 
in different portions of a run usually checked within 1 ce; since 
the smallest volume ever collected from any segment was 20 cc, 
the maximum error so introduced was 5 per cent. Upon repeat- 
ing a run 1 month later, using a different observer, it was found 


TABLE 1 
CONDENSATE PRESSURE 
CEC) (CM. WATER) 
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that the maximum deviation in a local coefficient was only 2 per 
cent from the mean value. The pressure-drop data agree within 
the possible error in reading the manometers. 

The close agreement between the condensates from the two 
halves of the cylinder verified the assumption that the air flow 
divided equally around the cylinder. In the worst case (run 2A), 
the condensate rates on the two sides disagreed by 6 per cent. 

The heat balances range from 1.5 to —8.4 per cent; as an av- 
erage the steam condensate indicates 4 per cent less heat trans- 
fer than that calculated from the air rate and the measured tem- 
perature rise. 

The areas of the segments were accurate within 1 per cent, 
The local air temperature was calculated from the measured 
total temperature rise (accurate within 0.5 deg F) and the ratio 
of condensate up to this point to the total condensate. It was felt 
that the condensate ratios are accurate within 2 per cent. The 
local temperature difference was evaluated from the calculated 
local air temperature and the observed wall temperature; the 
thermocouples are accurate within 0.2 deg F, and these readings 
varied but little. 


Meruop or CALCULATION 


On air-cooled cylinders the average temperature of the sur- 
face of the fins is of secondary interest. The purpose of cooling 
and finning is to reduce the temperature at the base of the fins. 
Since this temperature is of primary interest, a correlation of 
surface heat-transfer coefficients should involve the fin-base 
temperature. This temperature and a mathematical effective- 
ness of the fins are used herein to calculate surface coefficients. 
In the design of cylinders the procedure is reversed and the cal- 
culated surface coefficients and the mathematical effectiveness 


COMPLETE DATA FOR RUN 6-J 
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UPSTREAM 
STATIC AT 
ORIFICE 


UPSTREAM 
STATIC AT 


TEST SECTION 


4p, 


/00 205.2 


4.252 | 210.9 
(9on>) 


AIP OUT | 85.6| 85.2 | 86.0 


ORIFICE 


67.2| 67.2 | 67.0 


188.4 
76.2 


STEAM IN |/07.0|/07.5 |/08.2 
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0./0 


TAPER CORRECTION, Cr 


aa 


Ry AR, tw’ 


CURVATURE CORRECTION, Cc 


0.80 
APPROXIMATE EFFECTIVENESS, 
i= lanh aw'/aw’ 


1.00 


Fie. 9 TAPER AND CURVATURE CORRECTIONS TO BE ADDED TO - 


APPROXIMATE EFFECTIVENESS 7’ IN OBTAINING TRUE EFFECTIVENESS 


(Taken from Harper and Brown, reference 3, by courtesy of National 
Advisory Committee for Aeronautics.) 


are combined to give the fin-base temperature. Furthermore, it 
is known that average surface coefficients, based upon the meas- 
ured mean temperature of the surface of the fins, often differ 
from those based upon measured base temperatures and a cal- 
culated effectiveness. Consequently, both the correlation of 
test data and the design procedure based thereon should involve 
base temperatures and calculated effectiveness, so that any er- 
rors due to differences between measured and calculated effec- 
tiveness are not involved. 

The effectiveness 7 is defined as the mean temperature differ- 
ence between the surface of the fins and the air, divided by the 
temperature difference between the base of the fins and the air, 
and is given by the following equation for tapered radial fins 


") tanh aw’ 


/ 


7 + Crp t+Ce =n +Cr+Ce....... {1] 


aw 
in which a equals V/V 2h/kzx,, and Cy and C¢ are corrections for 
taper and curvature, respectively, taken from Harper and Brown 
(3) and shown in Fig. 9. It is seen that the effectiveness de- 
pends upon the surface coefficient, assumed constant along the 
radius of the fin, and the dimensions and thermal conductivity 
of the fin. 
The surface coefficient is obtained from the following new equa- 
tion for tapered radial fins 


h wu’ wx, 
= —— jp — Boe PAY 
Nepreeares | (2 oh in =) op | i 


7 See footnote 7 at bottom of next column. 


For a given fin n’, Cz, Co, and consequently 7 and U are unique 
functions of h, and hence a plot of U can be constructed by as- 
suming values of h. The local apparent coefficient U is first cal- 
culated from the data by the simple relation 


and values of h, are then read directly from the curve of U, 
versus h,, thus avoiding trial-and-error calculations. 


REsutts or TEsts 


All the data for the muff with the jacket or baffle are given in 
Table 2. Table 3 summarizes calculated values, including aver- 
age surface coefficients h,,, calculated from 


based upon the logarithmic-mean apparent temperature differ- 
ence 
, (bom rae t) aan (tom aa te) 


Atm . [5] 


l tom — bh 
(ear 


Locat SuRFACE CorFFICIENTs h, 


Runs (Series J) were made at various air-flow rates with the 
jacket shown in Fig. 7, and similar runs (Series A) were made 
with the baffle shown in Fig. 8. The results are summarized in 
Figs. 10 and 11, plotted in terms of local surface coefficients h, 
versus the position of the segment; position 0 is at the front and 
11 is at the rear. For a given Reynolds number D,G/x, for both 
the jacket and the baffle, the curves of h, go through a maximum 
roughly half-way around the cylinder; as the Reynolds number 
increases, the maximum shifts somewhat nearer the front of the 
cylinder. For these runs, it is noted that the local surface coef- 
ficient of heat transfer from muff to air was always found to be 
lower in the rear than at the front.’ 

From Figs. 10 and 11 it appears that the local surface coefhi- 
cients of heat transfer are unduly high for segment 2 (position 
1-2) and low for segment 8 (position 7-8). Data for the jacketed 
cylinder are shown plotted versus location of segment in Fig. 12, 
which suggests that the contact between the steel barrel and the 
muff was unusually close in segment 2 and less close in segment 8, 
which doubtless was caused by high spots on the cement in the 
grooves on the inner wall of the muff. At segment 8, where the 
muff temperature and local condensation rate were abnormally 
low, heat flows circumferentially by conduction in the muff from 
adjacent segments 7 and 9, If this effect were allowed for, 
the local coefficients for segments 7 and 9 would decrease and 
that for 8 would increase, tending to eliminate the dip in the curve 
of h, at segment 8. 

Tests (Series B) were run on the baffled cylinder to determine 
the effect of temperature difference on the mean surface coef- 
ficient of heat transfer, h,. The temperature difference was 
varied by changing the temperature of the inlet air at substan- 
tially constant Reynolds number. The data are plotted in Fig. 


7 Equations [1] and [2] will reduce to the usual approximate equa- 
tion of reference (4) for a bar fin of constant cross section 


h 2 w 5 
ieee gece [2 (: + am) tanh aw’ + | a Je orate [2a] 


if the sum C7 and C¢ is assumed zero and the term waj/2Rpis neg- 
lected. Although in some cases Equation [2a] will give a result 
not differing seriously from that obtained from the more rigorous 
Equations [1] and [2], the latter were used herein. 

8In order to simplify Figs. 10 and 11, runs are shown only for 
alternate Reynolds numbers; intermediate Reynolds numbers 
(not shown) gave curves of the same shape as those shown. 
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ket are higher than those for the baffle, for the same Reyn- 
ket were recalculated by means of Equations [1] and [2] 


Fig. 14 shows the present data for both the jacketed and baf- 
olds number; this would still be the case if the definition of D, 


fled cylinders, plotted as Stanton numbers, h,,/c,G versus the 
The data of reference (2) for an electrically heated muff with 


a jac 
as an approximation, obtaining h,, from U,, based upon an arith- 


metic-mean temperature difference 


the fins. 


the passages between the fins. It is seen that the results with the 
jac 


Reynolds number, D,G/u based upon the equivalent diameter of 
had been based upon the total air passage instead of that between 
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(Plot shows minor but systematic irregularities of muff temperatures, con- 
densate rates, and local surface coefficients.) 


CC. PER HR.PER SEGMENT 


(tom = 4) + (tom — 4) 
2 


At, = 


which is a fair type of mean to use with these data obtained with 
electric heat. The results are plotted in Fig. 14 and average but 
little below the present data for a jacketed muff. The present 
data lie on or above the usual equation for turbulent flow of air 
in long straight tubes 


hm _ 0.023/(0.74)’/# 
co@ (D,G/u)>-? 


given in reference (5); the data of reference (2) shown in Fig, 
14 fall on both sides of this equation. 

The over-all pressure drops across the test section are reported 
in the tables, along with the corresponding over-all Fanning 


friction factors calculated from the data by taking the length of. 


air travel arbitrarily as one half the mean perimeter of a fin. 
The ratio of the mean Stanton number, h,,/c,G, to one half the 
over-all friction factor f’/2 was found to average 0.51 with the 
jacket and 0.36 for the baffle, as compared with a value of 1.0 
predicted by the Reynolds analogy and 1.22 by the Colburn anal- 
ogy (5) for turbulent flow of air in long straight tubes. 

The jacket gavé 20 to 30 per cent greater surface coefficients 
hm» than the baffle for the same over-all pressure drop, and 22 to 
40 per cent greater coefficients for the same power loss per square 
foot of finned surface. 

By measuring local coefficients for each portion of the baftled- 
finned cylinder it is possible to determine the faults in location 
and design of baffles, and improvements in baffles can be worked 
out more readily and on a sounder basis than when measuring 
only the usual average coefficients of heat transfer for the entire 


finned cylinder. Data for other designs and arrangements of baf- 
fles have been obtained and may be released in a subsequent 
paper. 

CoNncLUSIONS 


This study established the following points: 


1 The data were reproducible. 

2 Good heat balances were obtained. 

3 The condensate rates from the divided and undivided 
halves of the cylinder agreed within 6 per cent. 

4 In every run with the baffle or jacket tested, the local coef- 
ficient of heat transfer from fins to air was low in front, high 
roughly halfway around the cylinder, and lowest in the rear. 

5 For a given Reynolds number, the baffle gives ’a somewhat 
lower Stanton number than the jacket. 

6 In terms of average surface coefficients of heat transfer, 
the data for the jacketed muff of the present study agree well 
with those of other investigators who determined only average 
coefficients. 

7 For a given Reynolds number, temperature difference was 
varied from 30 to 85 deg F in tests on the baffled cylinder and 
had no effect on the Stanton number, expressed in terms of the 
average surface coefficient of heat transfer for the entire cylinder. 
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Efficiency of Extended Surface 


By KARL A. GARDNER,! NEW YORK, N. Y. 


The work of previous investigators on heat flow through 
extended surface is briefly reviewed and literature citations 
are given. General equations are derived for the tempera- 
ture gradient and fin efficiency in any form of extended 
surface to which the assumptions listed are applicable. 
The solution of these equations in terms of Bessel func- 
tions is shown to cover practically any form of extended 
surface whose thickness varies as some power of the dis- 
tance measured along an axis normal to the basic surface. 
Curves are presented for the fin efficiency of several forms 
of straight fins, annular fins, and spines. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = fin surface between origin and point x 
A; = total surface of one fin 
a = cross-sectional area of fin normal to z axis at point xz 
a, = area of fin base : 
c = a constant (Equations [2] and [7]) 
h, h, = heat-transfer coefficient on finned side of extended- 
surface element 
h, = heat-transfer coefficient on unfinned side of extended- 
surface element 
I,,(u) = modified Bessel function of the first kind and order n 
t= ~VJ/—1 
K,(u) = modified Bessel function of the second kind and order n 
k = thermal conductivity of fin material 
L = length of straight fins 
m = a constant (Equation [2]) 
nm = a constant, order of Bessel function 
p = a constant (Equation [2]) 
q = rate of heat flow through section a 
ay = total rate of heat flow through entire fin 
qd = rate of heat flow through basic surface which would be 
covered by base of fin 
g, = rate of heat flow through total basic surface 
» = rate of heat flow through basic plus extended surface 
r = function of u defined following Equation [20] 
u = function of x defined by Equation [7]? 
+=(%,—2,) = fin height 
az = distance along axis normal to basic surface? 
y = half thickness of fin at point x 
y, = half thickness of fin base 
a, 8 = constants 
n = Ay/a, = fin effectiveness 
6 = temperature difference between fin and surrounding 
fluid at point x 
6, = temperature difference between fin at base and sur- 
rounding fluid 
¢ = fin efficiency 


i The Griscom-Russell Company. 
2 Pa b and e refer to conditions at base and edge, respec- 
tively. 
~~ Contributed by the Heat Transfer Division and presented at the 
\ Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of Tun 
\ American Society or MECHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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INTRODUCTION 


In a conventional heat exchanger heat is transferred from one 
fluid to another through a metallic wall and, other things being 
equal, the rate of heat flow is directly proportional to the extent 
of the wall surface and to the temperature difference between one 
fluid and the adjacent surface. If thin strips of metal are at- 
tached to the basic surface, extending into one of the fluids, the 
total surface for heat transfer is thereby increased and it might 
be expected that the rate of heat flow per unit of basic surface 
would increase in direct proportion. However, the average 
surface temperature of these strips, by virtue of the temperature 
gradient through them, tends to approach the temperature of the 
surrounding fluid so the effective temperature difference is de- 
creased and the net increase of heat flow may be considerably less 
than would be anticipated on the basis of surface alone. 


Fig. 1 Some CommerctaL Forms or EXTENDED SURFACE 


(Samples furnished through the courtesy of A The Griscom-Russell Company, 
B The Babcock & Wilcox Company, C Thermek Corporation.) 


These added heat-conducting strips constitute ‘extended 
surface;”’ they may be of various forms, as shown in Fig. 1. The 
ratio of the average temperature difference over the extended 
surface to that over the basic surface is commonly called the ‘‘fin 
efficiency,” ‘fin’ being used as a concise generic term for all 
forms of extended surface. It is the purpose of this paper to 
derive a general equation for the temperature gradient in fins 
and to present a solution for fin efficiency which, although not 
perfectly general, nevertheless includes all the forms previously 
investigated and several others besides. A secondary purpose is 
the review and compilation of the significant results of previous 
investigators. 

LITERATURE RevInw 


Some early measurements of the- temperature distribution in 
long metallic rods are available in the experimental determination 
of the thermal conductivities of iron and copper by Stewart (1).* 
3 Numbers in parentheses refer to the Bibliography at the end of 
the’ paper. 
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The iron rod was 3/4 in. sq X 4!/2 ft long, and the copper rod was 
1/,in. diam X 7 ft long. 

Parsons and Harper (2) derived an equation for the efficiency 
of straight fins of constant thickness in the course of a paper on 
airplane-engine radiators. Harper and Brown (3), in connection 
with air-cooled aircraft engines, investigated straight fins of 
constant thickness, wedge-shaped straight fins, and annular fins 
of constant thickness; equations for the fin efficiency of each type 
were presented and the errors involved in certain of the assump- 
tions were evaluated. 

Schmidt (4) covered the same three types of fin from the stand- 
point of material economy. He stated that the least metal is 
required for given conditions if the temperature gradient is linear, 
and showed how the thickness of each type of fin must vary to 
produce this result. Finding, in general, that the calculated 
shapes were impractical to manufacture, he proceeded to show 
the optimum dimensions for straight and annular fins of constant 
thickness and for wedge-shaped straight fins under given operat- 
ing conditions. 

Murray (5) presented equations for the temperature gradient 
and the effectiveness of annular fins of constant thickness with a 
symmetrical temperature distribution around the base of the fin. 

A stepwise procedure for calculating the temperature gradient 
and efficiency for fins whose thickness varies in any manner what- 
soever was given by Hausen (6). Curves of both properties for 
the fins investigated by Schmidt (4) are also included. 

The temperature gradient in conical and cylindrical spines was 
determined by Focke (7) and, independently, by the writer in un- 
published work of which this paper is the outcome. Focke, like 
Schmidt, showed how the spine thickness must vary in order to 
keep the material requirement to a minimum; he, too, found the 
result impractical and went on to determine the optimum 
cylindrical- and conical-spine dimensions. 

Avrami and Little (8) derived equations for the temperature 
gradient in thick-bar fins and showed under what conditions fins 
might act as insulators on the basic surface. Approximate 
equations were also given including, as a special case, that of 
Harper and Brown. 

Carrier and Anderson (9) discussed straight fins of constant 


thickness, annular fins of constant thickness, and annular fins of_ 


constant cross-sectional area, presenting equations for the fin 
efficiency of each. In the latter two cases the solutions are in 
the form of infinite series. 

A rather unusual application of Harper and Brown’s equation 
was made by the writer (10), in considering the ligaments be- 
tween holes in heat-exchanger tube sheets as fins and thereby 
estimating the temperature distribution in tube sheets. 

The types of extended surface previously investigated, aside 
from those which may be approximated by Hausen’s method, 
are as follows: 


1 Straight fins of constant thickness (2, 3, 4, 6, 8, 9). 
Wedge-shaped straight fins (3, 4, 6). 

Annular fins of constant thickness (3, 4, 5, 6, 9). 
Annular fins of constant cross-sectional area (9). 
Cylindrical spines (7). 

Conical spines (7). 


anf WWD 


MATHEMATICAL TREATMENT—ASSUMPTIONS 


The mathematical analysis is based upon the following assump- 
tions, which are essentially those given by Murray (5), but which 
are common to all previous investigations except that of Avrami 
and Little (8): 

1 The heat flow and temperature distribution throughout the 


fin are independent of time, i.e., the heat flow is steady. 
2 The fin material is homogeneous and isotropic. 
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3 There are no heat sources in the fin itself. 

4 The heat flow to or from the fin surface at any point is 
directly proportional to the temperature difference between the 
surface at that point and the surrounding fluid. 

5 The thermal conductivity of the fin is constant. 

6 The heat-transfer coefficient is the same over all the fin 
surface. , 

7 The temperature of the surrounding fluid is uniform. 

8 The temperature of the base of the fin is uniform. 

9 The fin thickness is so small compared to its height that 
temperature gradients normal to the surface may be neglected. 

10 The heat transferred through the outermost edge of the 
fin is negligible compared to that passing through the sides. 


Of these assumptions, only 6, 8, 9, and 10 are open to serious 
question. With some types of fin the heat-transfer coefficient 
undoubtedly does vary from point to point on the fin, but 
McAdams and Turner, in a discussion of a paper by Sage (11), 
show that the use of average coefficients and average conduc- 
tivity in the theoretical equation for temperature gradient gives 
good agreement with Stewart’s measurements (1). Murray’s 
paper shows how to take account of a nonuniform temperature 
at the base of annular fins, although it seems reasonable that an 
average temperature based on the average inside-film co- 
efficient should give sufficiently accurate results for many pur- 
poses. The question of temperature variation at the base of the 
fin is not apt to arise for other types. 

The error involved in assumptions 9 and 10 has been investi- 
gated by Harper and Brown (3), and Avrami and Little (8), for 
straight fins of constant thickness; it is very small for most 
practical forms of extended surface. 


(A) (B) 


Fic. 2. Diacrams or (A), GENERALIZED ELEMENT OF EXTENDED 
Surrace; (B) Srraicut Fin 
(Thicknesses are greatly exaggerated.) 


APPLICATION OF BESSEL’S DIFFERENTIAL EQUATION 


Temperature Gradient. The basic differential equation results 
from a heat balance on an element of the fin normal to the direc- 
tion of heat flow, as shown in Fig. 2(a) 


oo (1a) (had), _ s 
da? a dz) dz ka dx Renae 


In this, 6 represents the temperature difference between the fin 
and the surrounding fluid at a distance x from some reference 
point. Termwise comparison of this equation (after multiplica- 
tion by x”) with the general form of Bessel’s equation given by 
Douglass (12) 


a9 dé 
a? —-+ [(1—2m)2 — 2ax?] — + [p*c2x?? + a2? + a(2m — 1)a 
dx? dx 


+ (m* — p’n*)]@ = 0....12] 


shows that both have the same form if 


' 
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and 
dA 


= 2p (1—n)—1 4 
Pate met [4] 


where ) and yz are positive constants. 

Thus if the cross-sectional area of a fin can be described by 
Equation [8], and its surface by Equation [4], the solution may 
be expressed in terms of Bessel functions. The general solution 
is found by application of the boundary conditions 


ie VWiberr 0,00) —a0,, 
de : 
2 When z = z,, — = 0 (from assumption 10). 


dx 


For n equal to zero or an integer 


(uy [ In + 8Kn(u) 
26 i &) bee + rane a 
where 
In-i(u,) 
B ea Ge enn eG (6] 


u\"| I,(u) + BL-n(u) | 
CE) Se OR a eB ct ee 5 
() Ee BI =a(0n) ae 
where 
IFZAOP) 
Tat ess i [6a] 
In these equations 
h dA 
ol ays a eee Gt RACES AT Bo ee [7] 
u 1cxu x Ai 


and wu, and wu, are found by substituting the values of 2, a, and 
(dA/dzx) for the base or edge of the fin, respectively. 

Fin Efficiency.4 The fin effigiency of extended surface is given 
by 


O,Ay 
from which, for n equal to zero or an integer 


ne 2(1 — n) [eee = | (9) 
A | ey | T,(uy) + BE, (us) 

Up 1—{— y 

Up : 


or, for n equals a fraction, 


2(1 =o n) [a + al - [9a] 


age [ ee TCE) al. Ci) 
Up 1—|— 
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Fin Effectiveness.* Another property of extended surface 
which is often used is the ratio of the heat transferred through the 
base of a fin to that which would be transferred through the 
same base area if the fin were not there, the base temperature re- 
maining constant. This ratio is termed the “effectiveness,” and 
it can be simply expressed as a function of the fin efficiency 


4 The terms “‘fin efficiency”’ and ‘‘fin effectiveness,”’ in the meanings 
adopted here have not been consistently adhered to in the English 
literature; the latter phrat*has been used for both ¢ and 7. In the 
German literature, ¢ is call 1 ‘der Wirkungsgrad.”’ 


q A 
(“) ee er ee [10] 
Gp /9b=const ay 


However, in most practical cases, the addition of extended 
surface to a metal wall changes the base temperature to an extent 
depending on the heat-transfer coefficients on both sides of the 
wall. The effectiveness is therefore a misleading indication of 
the value of extended surface, as comparison with the following 
more accurate expression will show 


In this, 2, and h, are the film coefficients on the finned and bare 
sides of the wall, respectively. Obviously, the advantage of ex- 
tended surface is greatest when h, is small compared to h,. 


Typrs oF ExTENDED SURFACE 


In the foregoing, general relations have been developed for the 
temperature gradient and the fin efficiency without inquiring to 
what types of extended surface they may be applied, other than 
noting that they must be described by Equations [3] and [4]. 
For a given fin the exponents of x in these equations are known; 
there are two exponents, so it is possible to eliminate p between 
them and to solve for the appropriate value of n. 

Space does not permit detailed derivation or discussion of the 
equations for the various types of extended surface, so the follow- 
ing are submitted without proof: 

Straight Fins. The thickness may vary thus 


The value of u to be used in the temperature-difference and 
efficiency equations is 


1 
2(1—n) h 
u = 21 —n) ) Vi. eee [13] 
) ky 


In these and subsequent equations it is assumed that the square 
of the slope of the fin sides is negligible compared to unity, which 
it usually is for thin fins and spines. This assumption is not 
necessary for n = 1/2 and n = 0. Equations and curves are 
given in Fig. 3. Reference to Fig. 2(b) will help in verifying 
these equations. 

Spines—Circular or Regular Polygonal Section. 


The solution is exact for nm = 1/2 andn = —1. 
curves are given in Fig. 4. 
Annular Fins. 


Equations and 
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Equations and curves are shown in Figs. 5 and 6. The solution 
is exact for n = 0. 

Three general classes of extended surface have been investi- 
gated thus far; straight fins, spines, and annular fins. Other 
classes might be discussed but the most practical forms have 
already been included. It will be noted, however, that no 
straight fin or spine whose thickness varies as the square of the 
distance along it, can be described in terms of Bessel functions, 
since n becomes infinite and uw is a constant. This case will now 
be treated for the sake of completeness and to reproduce the 
results of Schmidt (4), and Focke (7). Termwise comparison of 
Equation [1] with HEuler’s differential equation shows that the 
cross section and surface may vary thus 


Lo NO ee [18] 
and 
dA 
i She Oe ca ee [18a] 


For the case where x, = 0 


and 
2 
1+ V1 + (u/m)? 


a (20] 


where 


7 — Mm [1.— V1 + (u/m)? | 


In these equations, u has exactly the same definition as before 
(Equation [7]) but for this special case, is a constant. The re- 
quirement of Schmidt (4) that the temperature gradient be 
linear to use the minimum material is met if r in Equation [19] 
equals unity, from which 


Ur ee (27) setae tee Ie {21] 


For straight fins, (1 — 2m) = 2, and for regular spines, (1 — 2m) 
= 4, both of which correspond to a thickness varying as the 
square of the distance from the edge (or tip). In each case the 
least material is required if 


GENERALITY OF EQUATIONS 


The equations for temperature gradient and fin efficiency de- 
rived in this paper are obviously quite general since, by sub- 
situting the appropriate value of n, the equations of all previous 
investigators are readily reproduced. ‘These may be summarized 
as follows: 


n = 1/3, This corresponds to the straight fins or spines of con- 
stant thickness investigated by Harper and Brown (3), Parsons 
and Harper (2), Schmidt (4), Focke (7), et al. In the case of 
spines, the section need not be circular but may be square, tri- 
angular, elliptical, or any other shape within the limitations of 
the assumptions. The same value also describes annular fins 
whose thickness varies inversely as the square of the distance 
from the center, although the values of u, and u, are not the 
same as for straight fins or spines. The efficiency is 


tan h (uw, — u,) 
i ar ee ee [23] 
(uy — Ue) 
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where the expressions for u, and wu, are given in Figs. 3 and 4. 

n = 0. This yields the equations for wedge-shaped straight 
fins and annular fins of constant thickness, as derived by Harper 
and Brown and Schmidt. Furthermore, the same equations 
apply to spines whose thickness varies as the square root of the 
distance from a point at or beyond the tip. 

nm = —l. This represents the conical spines investigated by 
Focke (7). It also covers straight fins whose thickness varies as 
the 3/2 power of the distance from a point at or beyond the edge. 

With these three values of 7 all previous expressions for fin 
efficiency based on assumptions 1 through 10 are reproduced. 
Furthermore, the general solution makes it possible to recognize 
the applicability of the equations for one particular type of fin to 
other types, e.g., only five different types of fin have been shown 
previously to be covered by these three values of n, yet it has just 
been shown that at least seven types can be included. Some 
other types for which special equations have been developed may 
also be mentioned. 

n = 1/3, This corresponds to the annular fins with constant 
metal area for heat flow, for which Carrier and Anderson gave a 
solution in terms of infinite series (9). It could also represent 
straight fins whose thickness varies as the square root of x, and 
spines whose thickness varies as the fifth root of x. 

This covers the straight fins of Schmidt (4), and the 
spines of Focke (7), whose thickness varies as the square of the 
distance from the edge or tip. 

In order to bring the abscissas on all graphs to a common basis, 
the fin height w has been introduced into the various expressions 
for uw, and u, by writing 


n= .o, 


i= (Lp = Ve), OL We— op 1 oa — 10 


Aside from this no attempt is made to compare one type of 
extended surface with another. Straight fins with the same 
height, base thickness, conductivity, and surface coefficient are 
comparable one with the other, and the same is true of annular 
fins. This is so because changing the contour of the sides of such 
fins has a negligible effect on the surface. Therefore, to some 
extent Fig. 3 gives an indication of the relative merits of various 
straight fins, and Figs. 5 and 6, of annular fins. Fig. 4, however, 
should not be considered as anything more than a means for 
determining fin efficiency, because the surfaces of the different 
spines are not the same, e.g., the thorn-shaped spine represented 
by the highest curve has only one third the surface of the cylin- 
drical spine of the same height and base thickness, represented by 
the lowest curve in Fig. 4. 
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Appendix 1 


DETAILS OF DERIVATION OF EQUATIONS 


The heat flowing through an element of a fin normal to the 
basic surface (Fig. 2a) is given by the Fourier equation 


The heat entering or leaving the sides of the element is 
dq = 


By differentiating Equation [24] and substituting the result into 
Equation [25], dq is eliminated and Equation [1] is obtained. 

If the second terms of Equations [1] (after multiplication 
through by x?) and [2] are to be identical, then 


Integration gives 
In a = (1 — 2m)In x — 2ax + const......... (27] 


or 


Oe hal —2me—2ax 


From the third terms 


ha? dA . 
— a as = [p2ctx?? + ax? + a(2m —1)x + (m* — pn?) ]. [28] 


Introducing a from Equation [27a] and rearranging 
dA k 


FATT: he Pet — (1+2m) fy re2y2? 4. a2? + o(2m — 1x 
E; 


+ (m? — p*n?)]. .[29] 


Since the surface variation is not a function of k or h, the terms 
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within the brackets must either be zero or inversely proportional 
to (k/h); a, p, and m occur as exponents so they cannot contain 
(k/h). Therefore, a = 0, and m = pn, leaving c? as the only 
constant involving (k/h). Substitution of these results into 
Equations [27a] and [29] gives Equations [3] and [4]. 

In order to integrate Equation [8] to obtain the fin efficiency, 
dA must be expressed in terms of wu; from Equations [4] and [7] 


where all constants have been collected in vy; then 


ue Uw) + BK, (u)]du 


soe TAES Oe LT e [31] 
Us" a(t) + BK a(us)] fin* wt?" du 


Integration of this result to Equation [9] is easily accomplished 
by reference to the integral formulas of Appendix 2. Similar 
considerations lead to Equation [9a]. 


Appendix 2 


TABLES AND PROPERTIES OF BESSEL FUNCTIONS 


Derwwatives: 

d n n d n 

a [u"T,,(u)] = w"In—1(u) — [u"K,,(u)] = — u*Ka-a(u) 
U du 


A (al) =a OD) ca [u-"K,,(u)] = —u7-"Kn+1(u) 
du du 


2 d 
< nO) = —7,(a) +Ier) — (Kyu) =— Kx) —Kati(u) 
U Uu du U 


Indefinite Integrals: 


ferro = 

T,,(u) d In-1(u) 

yr Ua yao 

fer ncom = 

cfc a : Kn-1(u) 
t—1 Ur a1 

u Rams 


an and fp 1(u) 


— uu" 1Ka+1(u) 


Identities: 
I-n(u) = 1,(u) and K-n(u) = K,(u) if nm = an integer 
2 
=e Tu) = Iau) — Tobi) 
2 
= Kia) = Kn ta) — Kaci) 
2. 
I’/(u) = @— sinh u 
TU 
2 
T= Vi) Ve cosh u 
TU 
2 sinh 
I?/(u) = 42 (cost u— = “) 
TU Uu 
2 st 
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Tables of Bessel functions are given in the Jahnke-Emde 
“Tables of Functions’’ (14), and in “Bessel Functions” by Gray, 
Mathews, and MacRobert (13). The latter is a treatise on the 
properties and application of Bessel functions; for more elemen- 
tary discussion sufficient for many engineering purposes, see 
Sherwood and Reed (12). The nomenclature used in this paper 
is that used by Gray, et al. (13). If the Jahnke-Emde tables are 
used, it will be necessary to substitute 7~"J,(2u) for I,(u), and 
i-"H,,") (cu) for K,,(u) in the various equations of this paper. 


Discussion 


G. M. Dusryserre.* For all fin problems the writer recom- 
mends the “relaxation”? method of Southwell. This has been 
outlined by Emmons.® There is a great advantage of ease and 
simplicity as compared with the solutions in Bessel functions, 
and there need be no sacrifice in accuracy. In fact, there may be 
a gain in accuracy with thick fins and short cylindrical spines, 
since it is not necessary to make the author’s tenth assumption. 

In Fig. 5, for example, if #,/x, = 4, and w WV h/ky = ig 
rough calculation gives ¢ = 0.605, neglecting the edge, and this 
agrees very well with the curve. But if we take account of the 
edge, we get ¢ = 0.583. 

This agrees with the author’s references, that the error in ¢ 
due to assumption 10 is not large. But the point is, why intro- 
duce an error, however small, for the sake of permitting a certain 
mathematical treatment, when we can avoid that error by the use 
of a much simpler mathematical treatment? 

An inexperienced person, intending to use the author’s curves 
and noting that the edge area was neglected in computing the 
efficiency, might assume that this area should consequently be 
neglected in using the curves to estimate the over-all performance 
of a proposed design. But the edge area may be a considerable 
fraction of the lateral area. It would add to the usefulness of the 
paper if the author would clarify this point in his closure. 


WatreR GuoyeR.’ Next to the fin efficiency, the correct 
spacing of fins is of great importance to the designer. Though 
this is not within the exact scope of the paper, a few words may 
be said about it here. : 

If a maximum of heat per unit area of base surface could be 
transferred just by an increase in extended surface, then fins 
placed on close centers would’be the ideal solution. Fins have 
to be spaced, however, in such a manner that adjoining fins do not 
interfere with each other. Fig. 7 of this discussion represents 
three adjoining straight fins, showing the so-called boundary 
layers on the center rib as they develop under flow condition, L 
being the length of a straight rib in the direction of flow or 
diameter of a circular rib. Before the fluid stream reaches the 
leading edge of the fin, its velocity is constant over the whole 
cross section. After entering the fin section at the leading edge, 
the velocity field is changed, however. The velocity of the fluid 
is zero at the fin surface and increases within the boundary layer 
to the full maximum. Blasius*® investigated the velocity field of 
the boundary layer theoretically and gives for viscous flow the 
following equation for the thickness of the boundary layer 


’ Department of Mechanical Engineering, Virginia Polytechnic 
Institute, Blacksburg, Va. Now on duty at U. S. Naval Academy, 
Annapolis, Md. Mem. A.S.M.E. 

® “The Numerical Solution of Heat Conduction Problems,’”’ by H. 
W. Emmons, Trans. A.S.M.E., vol. 65, 1943, pp. 607-615. 

7 American Locomotive Company, New York, N. Y. 

8 “Grenzschichten in Flissigkeiten mit Kleiner Reibung,” by H. 
Blasius, Zeit. fiir Mathematik und Physik, vol. 56, 1908, pp. 1-37. 
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For turbulent how von Kérman® determined the boundary-layer 
thickness from theoretical considerations and gives the following 


equation 
U/s 
yp (ey 
8 = 0.37 L'/* (“) 
w 


6 = thickness of boundary layer, cm 

v = kinematic viscosity, in stokes, cm? per sec 

w = fluid velocity outside boundary layer, em per sec 
L = distance from leading edge, cm 


wherein 


1 


If no interference between adjoining ribs would be allowable at 
all, the distance between them should be twice the thickness of 
the boundary layer as calculated from the foregoing equations. 
To clarify this point, Wagener’ carried through a series ef tests 
on straight ribs with air as the cooling medium. The ribs were of 
trapezoidal shape, 20 mm high and 20 cm long in the direction of 
flow. For the tests, the spacing of the ribs as well as the air 
velocities were varied. Wagener plotted, as shown in Fig. 8, 
heat transmitted per unit area, time and degrees temperature 
differential for various air velocities against the spacing of the 
ribs. 

Each resulting curve shows, at a certain spacing, a maximum 
which swings with decreasing air velocities to a larger spacing. 
Using a formula of the von K4érmdn type, Wagener found the 
most effective spacing to be about 12 per cent larger than the 
thickness of the boundary layer. These results show that inter- 
ference between adjoining ribs is slight in the outer regions of the 
boundary layer. .Using his tests as a basis, Wagener recommends 
a minimum rib spacing of one boundary-layer thickness. 

” A series of tests similar to Wagener’s was conducted at the 
Langley Memorial Aeronautical Laboratory by Oscar W. Schey 
and Herman H. Ellerbrock.!! These tests were conducted on 
finned cylinders. All cylinders had a diameter of 4.5 in., and fins 
which varied in height, thickness and pitch. The tests were run 
with air as the cooling medium, and the air velocity was varied 
between 10 and 130 mph. Schey and Ellerbrock observed the 
same phenomena as Wagener, but presented no explanation. 


® “Uber laminare und turbulente Reibung,’”’ by T. von K4rm4n, 
Zeit. fiir Angew. Mathematik und Mechanik, vol. 1, 1921, pp. 233-252. 

10 “Der Wirmeuebergang an Kuhlrippen,’’ by G. Wagener, Bethefte 
zum Gesundheits Ingenieur, Reihe 1, Heft 24, 1929. 

11 “Blower Cooling of Finned Cylinders,” by O. W. Schey and H. 
H. Ellerbrock, Jr., U. S. National Advisory Committee for Aero- 
nauties, Report no. 587, 1937. 
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Max Jaxos.!2_ The author has used an idea of R. D. Douglass 
to generalize the equations which describe temperature distribu- 
tion, total heat output, and efficiency of various types of fins. 
This is presented in such a clear and simple manner as is not often 
found in the literature on applied mathematics. The paper 
bristles with Bessel functions; however, an engineer with not 
more than undergraduate knowledge of calculus and who may 
never have heard of Bessel functions should be able to operate 
straightaway with the formulas and one of the tables of Bessel 
functions referred to in the paper. 

According to the outline, contained in the abstract at the be- 
ginning of the paper, some forms are excluded from the author’s 
generalization. One of them is the annular fin requiring a 
minimum of metal, described in E. Schmidt’s paper.!* Using the 
author’s nomenclature, the profile curve of that fin is represented 
by the equation 


LO Gist Say + “) 
a ee Ty a 
y 6k 7 cid x 


or 


2rh 
ne (252 —— 3g -— 2,*) 


a= 
which does not satisfy the author’s Equation [3]. 

The differential equations of temperature distribution and heat 
output of annular fins with triangular or trapezoidal profile do 
not seem to have been solved exactly as yet, nor are they included 
in Gardner’s generalization, except for the special case where 
z-y = const. 

On the other hand, Gardner’s equation covers many cases not 
dealt with in literature so far. So the generalization in addition 
to its aesthetic value from a mathematical viewpoint possesses 
considerable practical value for engineering purposes. 


C, F. Kayan.'4 The excellent treatment of the fin problem 
by the author leat one to consider comparative methods of 
analysis by other means. Herein the validity of some of the 


different assumptions cited by the author and by other workers in 


12 Consultant in Heat Research, Armour Research Foundation; 
Research Professor of Mechanical Engineering, Illinois Institute of 
Technology, Chicago, Ill.; Nonresident Research Professor of Heat 
Transfer, Purdue University, Lafayette, Ind.. Mem. A.S.M.E. 

18 Reference (4) of author’s bibliography. 

M4 Assistant Professor, Department of Mechanical Engineering, 
Columbia University, New York, N. Y. Mem. A.S.M.E. 
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this field might be verified, and possibly the effect of a varying 
heat-transfer coefficient over the fin surface could be studied. 
It is believed that the use of a geometrical type of electrical 
analog could uncover some interesting information along this 
line. The present paper prompts such a study, with one objec- 
tive being the determination of isotherms under different condi- 
tions of fin shape and of boundary conditions. 


H. B. Norracs.'* The author of this paper is to be compli- 
mented for having presented an excellent analytical summary of 
the extended-surface heat-transfer problem which lends itself 
very neatly to the treatment of different geometrical contours. 
With the usual idealizations and boundary conditions being in- 
voked, it is significant to note how Bessel’s equation may be 
employed to represent the different cases. For most practical 
designs, it would commonly be possible to describe the efficiency 
of representative fin types, which can be manufactured through 
ordinary procedures, either in terms of some one or another of the 
solutions presented or through an approximate interpolation. 

Certain considerations beyond the simpler cases remain for 
future study, however, and it may be helpful to offer a few 
comments based upon recent experience in similar analyses. 

The simplification introduced by the assumption that the heat 
transfer from the outer edge of the fin tip is negligible, which 
leads to the author’s Equations [6] and [6a], is certainly justi- 
fiable for most ordinary problems. However, for precise analy- 
ses of large fins, such as those employed on air-cooled engine 
cylinders, this assumption may be undesirable. The tip-effect 
correction suggested by Harper and Brown" is believed to 
offer a better approximation. 

It may further be worthy of mention to point out that F. D. 
Bennett has obtained a solution to the case of an annular fin of 
tapered straight-sided form, described by the sectional contour 
equation 


Yy = Y» — const (x — 2) 


employing the author’s nomenclature. 

This was accomplished through attacking the difficult differ- 
ential equation by Picard’s method of successive approxima- 
tions,!7 which is an iteration procedure. The details here are 
reasonable but tedious, so that there is probably little to recom- 
mend for most practical engineering purposes. Harper and 
Brown suggest an approximate treatment for this type of fin in 
terms of a taper correction derived for a straight-base fin, and this 
seems the best simple expedient. 

Finally, it may be well to point out an aspect of the fin-design 
problem which has been dealt with only by inference in this and 
other recent papers. Fin systems in which the fins are especially 
wide, and where the fluid medium passes through the interfin 
passages for an appreciable length, offer important design 
problems. In these more extended systems the boundary condi- 
tions and analytical concepts become more involved than those 
given here. Point-to-point considerations of the unit surface 
conductance h, and of the velocity and temperature fields in the 
fluid become quite important. Compressible fluids make things 
still more involved. 

The fin efficiency then does not remain the constant quantity 
at all positions along the fin which might be assumed from an 
application of the simpler analyses. To aid in appreciating the 
involved features possible, one might visualize this extension of 


15 Project Engineer, Pratt & Whitney Aircraft, East Hartford, 
Conn. Jun. A.S.M.E. 

16 Reference (3) of author’s bibliography. F 

17 “The Mathematics of Physics and Chemistry,’”’ by H. Margenau 
and G. M. Murphy, D. Van Nostrand Co., New York, N. Y., 1943, p. 
467. 
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the basic fin problem as a peculiar type of cross-flow heat ex- 
changer, in which a conduction heat stream has replaced one of 
the fluids. It is believed that analyses of the problems involved 
in this connection may produce some interesting results, for in- 
stance, in the question of a design study to establish fin dimen- 
sions for a specified performance. 


P. R. Trumpier.!® The use of extended surface in industrial 
applications is rapidly increasing in scope, and often the eco- 
nomics of a design show great advantages to be gained with large 
ratios, such as 20 or 30 to 1, of extended to prime surface. Fin 
efficiency may be a very important factor in such cases. 

The problem which the author has solved is idealized, as he has 
clearly pointed out. In most commercial installations the fin 
efficiency is 90 per cent or better, and even an appreciable error in 
determining its value is not serious. It is, however, pertinent to 
examine the assumptions to find if they are sufficiently close for 
other applications. 


Fig. 9 


Let us concern ourselves only with the author’s assumptions 6 
and 7. With longitudinal or spine fins on tubes, it is apparent 
that with transfer of sensible heat from a flowing fluid, the longer 
the fin the wider the variation in film coefficient and the variation 
in temperature of fluid surrounding the fin. For long fins, how- 
ever, the efficiency is much more important than for short fins, 
and it is exactly the condition of long fins that stretches the 
assumptions. 

Next, let us see if the assumptions give a conservative value of 
fin efficiency in the cases cited. In general, the film coefficient 
will be less at the base than at the tip of the fin, and the fluid 
temperature will be closer to the prime-surface temperature near 
the base than near the tip. The heat load is therefore greater 
at the tip, and less at the base, than the author’s equation would 
indicate. Thus the calculated fin efficiency is higher than it 
should be, and we conclude that the calculated values are not 
conservative. 

The possibility of changing assumptions 6 and 7 is not without 
interest. With much hesitation, the writer proposes a mecha- 
nism, as yet untried, to improve the situation for the case of flow 
parallel to the axis of a finned tube. The flow is channeled into a 
number of annular spaces separated by membranes as indicated 
by the dotted lines in Fig. 9 of this discussion. The film co- 
efficients, fluid temperatures, and fin efficiency may be calculated. 
(The equations for an annulus of differential thickness may be 
readily set up if the hydraulic diameter is taken as the distance 
between two adjacent fins at the annular radius.) If the film 
coefficient at the membranes is taken as infinite, assumption 7 


18 Development Engineer, M. W. Kellogg Company, New York, 
N.Y. Jun. A.S.M.E. 
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holds. True fluid-temperature conditions exist for membrane- 
film coefficients which are finite but greater than zero. 

The proposed mechanism replaces assumption 6 and permits a 
conservative assumption in place of 7. It remains to be seen 
whether the mechanism can be handled mathematically. 

In crossflow over finned tube an appreciable variation of 
film coefficient is to be expected, and the author’s values of ef- 
ficiency must be used with particular care. 

With most finned tubes a thermal resistance of appreciable 
importance is added when the fin is bonded to the tube by 
pressure contact, solder, or welding. It may be noted that this 
thermal resistance, often included in the “fin efficiency’’ of 
engineering terminology, is not included in the term as used by 
the author. 


AuTHOR’s CLOSURE 


It is gratifying to observe the extent of interest in this particu- 
lar phase of heat transfer apparent in the comments received. 
Several points requiring amplification are discussed in the fol- 
lowing. 

In the preparation of this paper it was necessary, due to space 
limitations, to eliminate certain sections. Among these was that 
dealing with heat flow through the fin edge, upon which ques- 
tions are raised by Mr. Nottage and Commander Dusinberre. 
Assumption 10 is not at all necessary to the author’s treatment in 
terms of Bessel functions; it merely simplifies the expressions 
for 8, Equations [6] and [6a], without introducing, in most cases, 
any significant error. The proper statement of boundary con- 
dition 2, following Equation [4], is 


=—-9 


2 7h = = 
(a) when x = &,, de i 


from which, for n equal to zero or an integer 
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Harper and Brown suggest that substantially the same result 
may be obtained by considering the fin to be of height, w + y,, 
instead of w, and using the simpler equations. The fin surface 
exclusive of the edge area should be used in conjunction with the 
fin efficiencies presented in this paper. The gain in accuracy 
by taking the edge area into account may be illusory, since a fin 
of such dimensions as to make this area an appreciable fraction 
of the total will probably also violate assumption 9. Professor 
Kayan’s electrical analog seems the simplest solution for such 
cases. 

The variation of film coefficient and ambient temperature 
which is ignored by assumptions 6 and 7, is probably most ap- 
preciable for single annular fins as pointed out by Mr. Nottage. 
For flow across banks of annular finned tubes, the temperature 
change over any one film will be considerably less. Although it is 


GARDNER—EFFICIENCY OF EXTENDED SURFACE 


certainly desirable to know as accurately as possible each of the 
component parts in the resistance to heat flow through extended 
surfaces, it should be borne in mind that the swm of these re- 
sistances (reciprocal heat-transfer coefficients) is the ultimate 
object. Test data taken to determine film coefficients on ex- 
tended surface yield an over-all resistance; the outside film re- 
sistance sought is obtained by subtracting the other known re- 
sistances, among them.a metal resistance derived from the fin ef- 
ficiency. Any errorin ¢ due to the assumptions made is there- 
fore reflected in the experimental values of h. However, this 
resistance (1/h) will ordinarily be used in combination with other 
different internal film and metal resistances. If the latter are 
based on the same assumptions as used in the original analysis 
of the test data, much of the error is canceled out in the sum, 
so that the net effect on over-all heat-transfer coefficient is not so 
serious as a casual consideration of the points raised by Nottage 
and Trumpler might suggest. 

The author has not had an opportunity to try either of the 
suggestions for avoiding assumptions 6 and 7 made by Nottage 
and Trumpler but will add one further suggestion for considera- 
tion. If the film coefficient h can be expressed in certain func- 
tions of x or 6, Equation [1] can still be solved in many cases, 
thus eliminating assumption 6. 

The ease and speed with which numerical results may be ob- 
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tained by Southwell’s “relaxation”? method as recommended by 
Commander Dusinberre is certainly impressive; however, its use 
seems to be limited to the solution of specific numerical problems. 
The choice between such a solution and an analytical solution 
appears to be comparable to a machine-shop problem: A certain 
operation may require one hour setup time for fifteen minutes of 
actual machining; by spending eight hours on making a suitable 
jig the setup time may be reduced to ten minutes. If less than 
ten parts are to be made it will not pay to make the jig; for any 
greater number it will. The author believes the fin efficiency 
curves constitute a well-justified jig for the solution of extended- 
surface problems. 

The digest of the literature on fin spacing contained in Mr. 
Gloyer’s comments is a welcome addition to the symposium on 
extended surface. So also is Dr. Jakob’s inclusion of Schmidt’s 
equations for the most economical annular fin. 

Dr. Jakob’s comment on annular fins with triangular or trape- 
zoidal profile is partially answered in Mr. Nottage’s remarks, 
although the solution obtained is not claimed to be exact. How- 
ever, the author hag been advised by Dr. G. E. Tate!® that he 
has obtained an exact solution in terms of Mathieu or allied 
functions. 


19 Research Physicist, Foster-Wheeler Corporation, New York, 
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Tube Spacing in Finned-Tube Banks 


By S. L. JAMESON,! SCHENECTADY, N. Y. 


One of the methods used to fulfill application require- 


* ments in the design of finned-tube gas coolers for indus- 


trial use more adequately is to vary the spacing of the 
tubes. In the past there has been very little information 
available on the effect of tube spacing on cooler perform- 
ance. This paper covers the results of a series of tests 
made to determine the effect of tube spacing on the pres- 


‘ sure drop and the heat-transfer coefficient of air flowing 


across a bank of helically finned tubes. The tests covered 
a wide range of tube spacings, both at right angles to air 
flow and between rows in the direction of air flow. All 
tests were made on staggered tube rows. The tests showed 
that tube spacing has a marked effect on air pressure drop, 
but a negligible effect on the air-side heat-transfer co- 
efficient. The number of fins per linear inch of tube hada 
similar effect. Baffles in the spaces at the ends of short 


/ tube rows were found to be beneficial in minimizing edge 


effects, the improvement in heat transfer gained by their 
use more than compensating for the increase in air pres- 
sure drop. 


NOMENCLATURE 


THE following nomenclature is used in the paper: 


A = air-side tube and fin surface, sq ft per linear ft 
B = projected tube perimeter, ft per linear ft 
b = spacing between tube rows in direction of air flow, in. 
C» = specific heat at constant pressure, Btu/(lb)(deg F) 
d = equivalent diameter of finned tube, ft = 2A/7B 
D = equivalent diameter of tube bundle, as defined by 
Equation [5], ft 
f = friction factor = APpg/2G?N 
g = acceleration due to gravity, ft/hr? 
G = mass velocity, lb/(hr)(sq ft) free area in a row of tubes 
h = true air-film heat-transfer coefficient, Btu/(hr)(sq ft) 
(deg F) 
H = fin height, ft 
j = heat-transfer factor = (h/c,G@) (Cpn/k)** 
k = thermal conductivity, Btu/(hr) (sq ft)(deg F) /(ft) 
N = cooler depth, rows of tubes in direction of air flow 
Ap = pressure drop over tube bank, in. water 
AP = pressure drop over tube bank, psf 
r = diagonal spacing between tubes in successive rows, 
diameters d 
R = Reynolds number 
s = tube spacing across cooler face, diameters d 
t = fin thickness, ft 
U = over-all heat-transfer coefficient, Btu/(hr) (sq ft) (deg F) 
V = water velocity in tubes, fps 
y = ratio of heat-transfer rate from water to tube at any 
temperature to that at 90 F average water tempera- 
ture 
p = density, lb per cu ft 
“ = viscosity, (lb) /(hr) (ft) 


1 Engineer, General Electric Company. Jun. A.S.M.E. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of Tun 
AMERICAN SocreTy OF MpcHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


" of air velocity. 


o 


Cn = 


spacing between fins, ft 
constants 


Test Mrruop 


The range of tube djameters and tube spacings tested was 
made possible by the use of a flexible-duct construction to set up 
the tube banks. The over-all size of the duct was determined 
from a study of the capacity of the existing fan and duct equip- 
ment, the test banks being made as large as possible in order to 
make the results more directly applicable to commercial air- 
cooler design (see Table 1). 


TABLE 1 


Tubes: 
Diameter of bare tubes, 


PHYSICAL DATA FOR TUBES AND TEST SECTION 


Tai AE thee bs /ucbes a ———0 .625———~.—_0 ..750—~ ———-1.00-_——— 
‘ins: 

Number per linearinch 8.7 7.0 9.05 8.8 7.0 

Outside diameter, in. pe et | 1.463 1.737 

Thickness, in........ , 0,010 0.012 0.012 

Height/2 X spacing. 1.133 0.895 1.746 1.751 1.357 
Surface,sqftperfttube 1.138 0.946 2.049 2.560 2.085 
Projected area, sq in./ft 

tribe Tene ee 8.24 8.14 10.19 13.19 13.01 
Projected perimeter, ft/ 

TUUUGE. cee Awe 8.67 14.48 14.54 11.98 
Equivalent diameter, ft 0.0702 0.0693 0.0901 0.1119 0.1108 
Ratio gas to water-side 

BULfACe) Amite erste 8.25 6.86 12.02 10.85 8.85 

Test section: 
Width between side 

plates; ins.172 eines 231/2 
Length of tubes, in..... 24 
Centers first to last tube 

in long row,in....... 22.18 21.80 21.55 
Center outer tube to 

side of duct, in....... 0.66 0.85 0.975 
Height of baffle in short 

tube rows, in,....... 0.40 0.44 0.44 
Tubes in long tube row 13 to 19 9 to 15 8 to 12 


The initial setup provided for making isothermal pressure-drop 
tests only. Three to six pressure-drop measurements were made 
for each tube-bank arrangement, covering about a 10-to-1 range 
in air flow. Most of these tests were run at room temperature. 
A few check tests were made at 120 to 140 F. 

When it became apparent that there was considerable variation 
in air pressure drop with tube spacing, the test duct was altered 
so water could be circulated through the finned tubes and heat- 
transfer data obtained. 

Air-pressure-drop readings were taken during all heat-transfer 
test runs. In these tests the air temperature drop over the tube 
banks varied from 10 to 100 deg F. The average air temperature 
was taken as the arithmetic-mean water temperature plus the log- 
mean temperature difference between water and air. 

All pressure-drop data were corrected to an average air tem- 
perature of 120 F, and a pressure of 14.7 psia. Correction factors 
for test pressure and temperature were based on constant mass- 
air velocity, assuming that pressure drop varied as the 1.75 power 
(An error in the assumed value of this coefficient 
has no effect on the correction factors for pressure, and a 
negligible effect on the correction factor for temperature, if the 
factors are based on mass velocity instead of on linear velocity.) 
These correction factors are given in Fig. 5. There was no 
appreciable deviation between the results of the isothermal 
pressure-drop tests and those of the varying temperature tests 
on a given tube bank. 

Heat-transfer test. runs on each tube bank were made at the 
maximum water velocity through the tubes obtainable for each 
setup, usually about 4 fps, and at approximately 1 fps for each 


633 


634 


La —~Bare length at each end of tube for 
inser 1107 17/0 masonite tube sheers. 
Ya" for pressure drop tests 
1% for heat tronster (es rs 


At dl 


xX 
i Hianed length 24° tor pressure 
- orop resks,22" Jor heat trarster tesks 
ta ou Helicolly wound shoular type 
ed Zits selilered 7a tube pales 


Fie.1 Sxercu or Finnep Tusine Usep ror Trsts 


of at least two different air flows. In several cases check tests 
were made at about 2-fps water velocity. Special care was taken 
to hold the mass-air velocity constant for each set of tests at 
varying water velocities. 

The heat-transfer test data were correlated by plotting 


1/U versus 1/yV°8 


The temperature drop through the tube wall is negligible and 
special care was taken to keep the tubes clean, so the zero inter- 
cept of this curve is the reciprocal of the effective air-side heat- 
transfer coefficient. The “effectiveness factor’ of the fins is 
readily calculated for any effective air-side heat-transfer coeffi- 
cient, and the true air-side heat-transfer coefficient obtained. 
This correlation takes into account variations in average water 
temperature. Variation of average air temperature affects the 
heat-transfer coefficient about 1 per cent for each 25 deg F and 
was neglected since the average air temperature was maintained 
within 15 deg F of the 120 F correlating temperature. 


Txrst EQUIPMENT AND MEASUREMENTS 


The tests were made in a duct system especially designed and 
constructed for air-flow testing. The general arrangement is 
shown in Fig. 3. 

The air-circulating blower was driven by a direct-current 
motor with a 10:1 speed range. Fine adjustments in air flow 
could be obtained by adjustment of a damper in the duct ahead of 
the blower. 

Air flow was measured by rounded-approach nozzles of spun 
aluminum geometrically similar to nozzles calibrated by the 
Bureau of Standards. In each test enough nozzles were plugged 
to make the pressure drop over those in use between 0.5 and 1.0 
in. of water. The air pressure drop over the nozzles was meas- 
ured by an Ellison inclined draft gage with 0.01-in. water scale 
divisions. 

The air pressure drop over the test section was measured by an 
Ellison draft gage, calibrated in 0.01-in. scale divisions for the 
first inch of water and 0.1-in. divisions for the next 5 in. 

The pressure tap in the inlet duct to the test section was a 
1/,.-in. hole in a plate flush with the duct wall 12 in. upstream 
from the coil face. All other pressure taps were !/.-in. tubes 
with 1/;:-in. holes at intervals over a 4-in. length. These tubes 
were enclosed in 2 X 2 X 6-in. cages of fine-mesh screen con- 
taining a ribbon of screening wound back and forth over the 
tubes. Tests have shown that this arrangement reads true 
static pressures, even in the presence of considerable velocities. 

Air temperatures were measured with copper-Copnic thermo- 
couples on a thermocouple potentiometer having 1-deg-F scale 
divisions. The thermocouples and potentiometer were cali- 
brated against laboratory standards and all temperature measure- 
ments were corrected for calibration errors. Radiation shields 
were used on all thermocouples to minimize errors. 

The water circulated through the test coil was taken from an 
overhead tank equipped with an overflow to insure a constant 
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gravity head. Partial recirculation with make-up water from the 
city mains was used to maintain constant water temperature to 
the test section. 

Water flow was measured by a sharp-edged orifice, calibrated in 
place by means of a weigh tank. Colored carbon tetrachloride 
was used for the manometer fluid in order to magnify the deflec- 
tion. 

Water temperatures were measured by precision-type ther- 
mometers inserted directly into the flowing water through packed 
openings. The thermometer wells were located as close to the 
test coil as possible and the pipe insulated for a distance of 6 in. 
on either side of the well. The thermometers were marked in 
0.1-deg F scale divisions and were calibrated to 0.01 deg F, 
against laboratory standards. 

The test section consisted of a steel framework to support inter- 
changeable fiberboard tube sheets. Fiberboard side sheets 
were fastened permanently to the frame. The tubes were 
standard admiralty-metal condenser tubes wound with copper 
fins. 

The first tests were made for pressure drop over the tube 
bundle only, and for these tests a length of 1/4 in. was left bare of 
fins at either end of the tube for insertion into the tube sheets. 
When the program was extended to include heat-transfer studies 
the test section was modified so the tubes projected through the 
tube sheets about 1 in., Fig. 1. Special water headers were 
made up and connected to the tubes by rubber tubing. Connec- 
tions between successive rows of tubes in the direction of air flow 
were also made by rubber tubing. Most of the tests were made 
with one row of tubes per pass for water flow. The inside of the 
tubes was carefully cleaned before each test. 


REsuLts oF TESTS 


Since the tests covered by this paper were made primarily to 
obtain data for use in the design of cooling equipment for indus- 
trial machines, all data were corrected to an average air tem- 
perature of 120 F and a pressure of 14.7 psia. 

Pressure-Drop Tests. The test results showed the pressure 
drop over a tube bank of two or more rows depth to be directly 
proportional to the number of rows of tubes depth. The 
Fanning equation for flow over a tube bank has therefore been 
set up as 


AP = YON [eg ee ee [1] 


In general, the friction factor is a function of Reynolds number 


The pressure drop over a tube bank at a specific pressure and 
temperature may be expressed as 


Aplt= LOM G™ins water jneasn eee {3] 


For flow through a pipe, the value of n is about 1.8. The 
value of n for pressure drop over a tube bundle was found to vary 
from about 1.7 to 1.9 in these tests, the highest values being 
obtained with a very wide tube spacing across air flow and closely 
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spaced rows in the direction of air flow. A study of the values of 
n showed the following: 


(a) An increase in value as tube spacing across the face of the 
cooler increased. 

(b) A minimum value for the spacing between rows at which 
the free area through the diagonal openings between two succes- 
sive rows of tubes equaled that in a single row of tubes. 

(c) A decrease in value as the number of rows of tubes in- 
creased. ; 


A possible explanation of these variations is that the pressure 
drop over a tube bundle is a combination of velocity-head losses, 
due to the nozzle effect in passing through the minimum spaces 
between tubes, and frictional losses. The indication from the 
tests is that the frictional losses would vary as some power of @ 
less than 1.7. The velocity-head loss due to the nozzle effect 
would vary as the square of G. In the case of close tube spacing, 
| the loss is mostly frictional and the value of v is therefore low. 
As the tube spacing increases, the frictional component of pres- 
sure drop decreases relative to the velocity-head component, and 
n therefore increases. When the minimum free area through 
the diagonal openings between two successive rows of tubes 
equals that in a single row of tubes, the flow path is almost 
nearly uniform, the velocity head component is a minimum, and 
the value of 7 is therefore a minimum. 

From the standpoint of obtaining design information and for a 
general study of the effects of tube spacing it was found con- 


venient to use an average value of n for the various tube arrange- 
ments. Equation [3] then becomes 


Ap ieeO TiC Gh trh hak te rcs. [4] 


The values of C for this approximation and the values of 7 in 
Equation [3] are given for the various tube arrangements tested 
in Table 2. 

Using the values of C in Equation [4], the curves in Fig. 4 
showing the variation of pressure drop with tube spacing were 
plotted. The variation in pressure drop with tube spacing across 
the face is nearly enough independent of the spacing between 
rows to enable using a single curve for each tube diameter for the 
correction for tube spacing across the cooler face. The same 
condition holds for the correction for variation of the spacing be- 
tween rows in the direction of air flow. 

The curves for correction factors for tube spacing given in 
Fig. 5 are based directly on the curves in Fig. 4. The one 
exception is the curve for variation in spacing between rows for 
3/,-in. tubes. This curve has been drawn more conservatively 
than would be indicated by Fig. 4, in order better to line up with 
the curves for 5/s-in. and l-in. tubes. This may not be com- 
pletely justified, but from the design standpoint it was felt that 
any error should be on the conservative side. 

The correction factors given in Fig. 5 are adjusted for tube 
spacing so a single curve of pressure drop versus mass-air velocity 
may be used for all sizes of finned tubes. 

Baffles placed in the spaces at the ends of the short tube rows 
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(see Fig. 2, and Table 1) were found to be of considerable value in 
reducing edge effects, particularly in the case of heat transfer. 
Check tests showed a baffle made up of an angle with the open 
side laid against the side of the cooler had the same effect as a 
half-tube. Since an angle-type baffle is convenient from the 
standpoint of production, most of the tests were made with angle 
baffles. The effect of the baffles on pressure drop was found to be 
about as the 1.75 power of the ratio of the free area in a short 
tube row to the free area in a long tube row. 

The correlation between field tests of coolers installed in 
machines with the pressure drop calculated by the use of the fac- 
tors given in Fig. 5 has been very good. The deviation has been 
less than 5 per cent, even with coolers very narrow across air flow 
and with closely spaced rows in the direction of air flow. 

A relation of the form of the Fanning equation which would 
correlate the data for all the tube sizes and arrangements tested 
would be of considerable value in predicting the performance of 
new finned-tube designs and also in improving present designs. 
Considerable time was spent trying to obtain such a relation, 
but without complete success. 

The following empirical relation for the ‘equivalent diameter” 
of a tube bank correlates the data fairly well for tube banks in 
which the free area in an individual row of tubes is less than that, 
in the diagonal openings between two successive rows of tubes. 


Dm i 8 


ice) (overuseevianenh 


Equation [2], using this expression becomes 
Spa L632 R028 5 ot set bow hissceRe [6] 


Equation [4] becomes 
= 9.56 X 10-9D-°-25NG1.75 in. water........ (7] 


(This relation applies only for air at 120 F average temperature 
and 14.7 psia pressure.) 


Although these relations are empirical, they cover the usual 
range of design and give an indication of the effect of some of the 
variables on pressure drop. The relations should not be used for 
Reynolds numbers less than 500 or more than 10,000. 

Term f is plotted against R in Fig. 6 for the highest and lowest 
test air flows for all tube arrangements tested in which the mini- 
mum free area was that in a single row of tubes. 

If the test values of f shown in Fig. 6 are approximated by 
the broken line, this line reflects the increase in the value of n in 
Equation [3] with tube spacing. An increase in tube spacing in- 
creases the ‘‘equivalent diameter” of the tube bank, and there- 
fore the Reynolds number. 

Fig. 7 shows a comparison between the friction factor for the 
tube-spacing tests and the friction factors obtained in tests of 
larger commercial units. Curves d and e cover tests made at 
pressures up to 15 psig. The comparative data given are for 
coolers having the free area through the diagonal openings be- 
tween two successive rows of tubes greater than that in an indi- 
vidual tube row. Test data on a commercial cooler in which the 
minimum free area was through the diagonal openings between 
successive tube rows checked that for model tests on a similar 
spacing closely, but do not line up with the friction-factor curve. 
Such coolers are definitely outside the range of application of 
Equations [5], [6], and [7]. The pressure drop over such coolers 
may be calculated from Fig. 5, however. 
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Heat-Transfer Tests. There was no apparent variation in the 
air-side heat-transfer coefficient with tube spacing in any of the 
tests made with baffles in the spaces at the ends of the short tube 
rows. The mass-air velocity used for heat-transfer data was 
based on the free area in a single row of tubes, regardless of the 
relative magnitude of the free area in the diagonal openings be- 
tween successive rows of tubes. 

Without the baffles in the spaces at the ends of the short tube 
rows, the apparent air-side heat-transfer coefficient was lower, 
especially in the case of tubes spaced close together across air 
flow. In this case the omission of a tube in the short tube row 
has a slightly greater percentage effect on the free area, 
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With the baffles omitted the air at the sides of the cooler is only 
partially cooled. This has been checked several times by thermo- 
couple traverses across the face of a cooler. This partially cooled 
air has the effect of lowering the apparent heat-transfer coefficient 
much more than does the decrease in average mass-air velocity 
due to the increased free area in the short tube rows. The 
baffles almost completely eliminated these “‘edge effects.” 

The improvement in heat transfer gained by the use of baffles 
in the short tube rows more than compensates for the increase in 
air pressure drop. In addition, the use of baffles makes the heat- 
transfer coefficient independent of cooler width and of tube spac- 


The stondord air pressure drop curve 1s kosed on. 
/ Air ot 1/47 /bf's9. in. abs. pressure and /20°F overage femperature. 


2. Staggered tube barks. 


3. Battles in the spaces of the ends of the shor? roms of tubes 
49 helicolly wound tins per lineal! inch of tube 


Multiply the pressure drop trom the standard curve by the factors given 
below to determine the pressure drop tor on individual desigr. 


4 Tease SPACING 


Tobe Spocing across Face in Inches 


(2 Aversce AiR TEMPERATURE 


12 


08s 


60 120 


Seocing baphees Rows in Inches 


460 200 


“Averoge Air Temperature in Deg & 


3. AIR FRESSURE 


Multiply by. 14. VY pressure 17 18f59.17. OPS. 


4. FINS PER LINEAL INCH OF TUBE 


Multiply by (Number firs per fineal inch ED 


(This 1s about 4% per tin) 


SF. Owsission of BAFFLES IN SHORT TUBE Kows. 
Mu/tiply by (Free orea in long tube row / Free area in short tube row) 7 
. (This is roughly 0.9 for a 26° wide cooler) 


NOTES. 


/ Correction factors are based o71 a constant mass ar velocity 
2. Use free area in arow of tubes thr a/! cases, ever though the free orea 
thru the diogona/ openings betwee successive rows of tubes ray 


be /ess. 


Fic, 5 Prussurn-Drop Correction Factors ror Destan Usp 
(Air pressure drop over finned-tube banks.) 
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ing. For these reasons baffles are specified for all coolers less 
than 2 ft in face width and for many wider coolers. 

Fig. 8 shows the air-side heat-transfer coefficients obtained for 
the various tube bundles tested as a function of mass-air velocity. 

The dimensionless heat-transfer factor 7 was plotted against 
Reynolds number to correlate the tests on various sizes of tubes. 
The best correlation was obtained using Reynolds number based 
on the equivalent diameter of an individual tube rather than 
by using the diameter defined by Equation [5]. The curve of j 
versus R for all tests made with baffles in the short tube rows is 
given in Fig. 9. 

In all cases the average air-side heat-transfer coefficient de- 
creased as the cooler depth decreased. A study of the results 
indicated that for a cooler of N rows of tubes depth, N-1 rows 
will have a relative performance of 1.0, and one row will have a 
relative performance of 0.7. Since most coolers for industrial 


equipment are more than four rows of tubes deep, the effect of 
cooler depth on over-all performance may be neglected in design. 

A curve showing the heat-transfer factors obtained in tests of a 
commercial turbine-generator cooler is also given in Fig. 9. The 
discrepancy between this curve and the results of the tube- 
spacing tests is in line with previous model tests. For some un- 
explained reason tests of sample-size coolers usually give a 
higher air-side heat-transfer coefficient than is obtained in tests 
of commercial coolers. On the other hand, pressure-drop data 
usually check closely. 


RELATED DaTA AND SUGGESTIONS FOR FuruRE Trsts 


There are few data available from other sources on the effects 
of varying tube spacing in finned-tube banks. 

Pierson, Huge, and Grimison have reported on a series of tests 
on the effect of spacing of bare tubes on heat transfer and pressure 
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TABLE 2 VALUES OF n IN EQUATION [3], Ap = 107? C@Gn, AND VALUES OF C IN EQUATION [4], Ap = 10-1 C@t-75 


7.0 fins per inch 


Without vaffles in short tube rows 


1.55 8 1.744/1.749| 1.749] 1.760! 1.779) 1.647) 1.600} 1.522/)1.550] 1.295 
1.55 4 1.8355 A S}eLs: 
1.35 2 1.877 2504 
With baffles in short tube tows 
165=|1- 8) 7] L757 | Dei? 58 | | 1.779] 1.720|1.674| | | 1.364 
8.7 fins per inch 
Without baffles in short tube rows 
Oe As 8 Bai 6230 1.779 
0.865 8 1.719 1.864 
1.0. 8 1.759 1.543 
1.063 8 1.719 1.931 
1.55 8 NAY PAS) E756 TTS ol a6 COU 1.600 1422 
1.36 - 4 a pay 40) e905 
1.955 2 UALS: 0465 
2.00 8 1.809 AGES 
With baffles in short tube rows 
1.063 8 16759 2.099 
1.55 8 Ls, f(EXS 1.769 1.781] 2.094 1.814 1.586 
roo 4 1.790 2917 
1.55 2 1.832 0466 
1. 1%806 0c47 


*Minimum free area in diagonal openings between successive tube rows, 


On frontal plane free areas 
O75) ron | | | 


drop in crossflow over tube banks in a group of three papers.” 
An expression similar to that for the “equivalent diameter” of 
the tube bank used to correlate the finned-tube-spacing tests was 
of no value in correlating their data for bare tubes. The finned- 
tube tests do agree with the data for bare tubes in that the varia- 
tion of heat transfer with tube spacing was small, but that there 
was considerable variation in air pressure drop. In both cases 
the pressure drop at a given mass-air velocity decreased with in- 
crease in tube spacing. 

On the basis of the results of the tests covered by this paper it 


2 “Experimental Investigation of Influence of Tube Arrangement 
on Convection Heat Transfer and Flow Resistance in Crossflow of 
Gases Over Tube Banks,”’ by O. L. Pierson, Trans. A.S.M.E., vol. 59, 
1937, pp. 563-572. 

“Experimental Investigation of Effects of Equipment Size on 
Convection Heat Transfer and Flow Resistance in Crossflow of Gases 
Over Tube Banks,”’ by E. C. Huge, Trans. A.S.M.E., vol. 59, 1937, 
pp. 573-581. 

“Correlation and Utilization of New Data on Flow Resistance 
and Heat Transfer for Crossflow of Gases Over Tube Banks,’’ by E. D. 
Grimison, Trans. A.S.M.E., vol. 59, 1937, pp. 583-594. 


1.727 | | | | | 2.254 


is suggested that any future tests on the effects of tube spacing be 
made with half-tubes or baffles in the spaces at the ends of the 
short tube rows. This gives much more consistent and more 
generally applicable data. 

A wider range of tube diameters and of the number and height 
of fins would enable a better determination of the effect of tube- 
design variables and thereby aid in predicting the performance of 
new designs. 


Discussion 


A, Y. Gunrer® and W. A, Suaw.‘ The author has done an 
admirable job in the presentation of some usable design data for 
finned-tube gas coolers. 


§ Director of Development, Alco Products Division, American 
Locomotive Company, New York, N. Y. Mem. A.S.M.E. 

4 Heat Transfer Engineer, Research and Development Depart- 
ment, Alco Products Division, American Locomotive Company, 
New York, N. Y. Jun. A.S.M.E. 
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TABLE 2 (Continued) 
| (0) for 3/4 inch 0.D. fube Tests. 


[257]. 676] 1.982]2.422] 2.728 | 


9.05 fins per inch 


Without baffles in short tube rows 


0.80 8 Wetees 1,255* 
0.80 4 WS ASS 2652 
0.80 2 1.780% 2 l04 
BL sLOs 8 ALS Yel 1.668 
Nene 8 eho Olleuentoo 22013/1.876 
’ 1.400 8 1.754 1.447 
WA EO) 8 ie OTe (O24 ea Og eel) Le988 1.876 
RAO. 8 eS T6PLle (olay Toile 7 75) 115775 |'2.056/1589611. 702| 1,'458)1'1.356 
‘ Ib AS) 4 Bh Ans) 1.000 
1.750 | 2 eae 0.497 
with bafflea in short tube rows 
0.80 8 : 1.758 1.523% 
i AAS 8 ES S| Te HAL 22282| 2.038 
Aa Mls, 4 APRS PAS 10 hes Aa ARs 1.098] .969 
ies ds 2 RSA IL MES | e553| 4481 
1.400 8 1.749 1.600 
1.500 8 1s OMIM set 750 leat For S18kG)\| Bs RSIO) | Eos 
1 750 8 1.691] 1.710)1.748 1.7935 | 2.396] 2.251|/1.938 1.434 
15750 4 1.698 1.109 
L750 2 W702 SOS 
-- ai 1.863 5215 


*Minimum free area in diagonal openings between. successive tube rows. 
On frontal plane free areas: 


0.80 8 Pai2e 1.742 
0.80 4 >Without baffles 1.753 0952 
0.80 a 1.780 2458 
0.80 8 With baffles 1.758 1.997 
In a few instances, clarification of certain points seems desirable In the tables and in Fig. 2, the “spacing between rows” 
for a more ready comprehension of the paper: (shown as b in the figure) should be tied together, with a listing 


Under ‘‘Nomenclature” in the definitions of r and s, it is sug- under the nomenclature, to prevent any misinterpretation 
gested that “diameters d” be more specifically stated as being with rd, the “diagonal spacing.” 
“equivalent diameters, previously defined.” 
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TABLE 2 (Continued) 


(oc) .for  lvainch, 0. Des fuben Testis, 


Spac. | Values of n, Ap ® 107 7¢gh | Values of C, Ap = 10-7oql- 75 
dee | Tube spacing across cooler face in inches 
4 | 
iljate 


Vie LANG per sinc 


Without baffles in short tube rows 
e26li| V8) | 13697] | 1.750 | 1.'720 | 1.355 


8.8 fins per inch 


Without baffles in short tube rows 


1.00 8 dee eos 1,5338% 
1.00 4 1.750 » 769% 
IA Pao 8 WS 2 Ths 1.805% 
1.41 8 Un Ves 1.948 
pe FAG) 8 Wer taaen 1.604 
2.06 8 DLT Lie (S07 Biie Ores Cou ., 1.959-] 1.805 |.1.601 || 1.477 


With baffles in short tube rows : 
2.068| . Siceleet cel | LeZeU fereslegih” y F 1.529 


*Minimum free area in diagonal openings between successive tube rows, 
On frontal plane free areas 

1.00 8 Le ico 2.485 
1.00 4 1.730 1,243 
1.20 8 Vevey 2.300 


A General @onm aan of Friction 


Factors for Various Types of 


Surfaces in Crossflow 


By A. Y. GUNTER! ann W. A. SHAW,? NEW YORK, N. Y. 


This paper is the elaboration of an unpublished one by 
the late E. S. Davis and A. Y. Gunter, which was released 
only to the National Advisory Committee for Aeronautics. 
The present work, using the friction-factor correlation 
proposed for bare tubes by Davis and Gunter, demon- 
strates its merit as a general method for correlating on a 
single line, pure crossflow friction over both bare and 
extended surfaces. This result is made possible through 
the use of an equivalent volumetric hydraulic diameter D,, 
, In both the Reynolds number and the ordinate, plus con- 
, figuration ratios of the form (D,/S7)” and (S,;/S7)” in the 
» ordinate. Friction factors for bare tubes of diameters 
from 0.02 in. to 2 in. are included, with transverse and 
longitudinal pitches ranging from 1.25 to 5 diam. Ex- 
tended-surface crossflow friction reported on herein 
covers external round and square cross fins, both meshed 
and unmeshed, finned cylinders, radiator core-type sur- 
face, and one sample of internal wire-mesh fins. It is 
shown that flat plates and core-type surface with turbu- 
lence promoters do not correlate well on the proposed 
curve. 


NOMENCLATURE 
The following nomenclature is used in this paper: 


D,, D, = pipe or tube diameter, ft (except as noted in tables) 
D, = volumetric hydraulic diameter = 
4 X Net free volume 


ft 
Friction surface ’ 


f'/2 = half friction factor corrected by viscosity ratio 
(u/p,,)°:14, dimensionless 
f’/2 = half friction factor corrected by viscosity ratio 
(u/p,)°!4 and (D,/S7)°-4, dimensionless 
f/2 = half friction factor corrected by viscosity ratio 
(u/ My) 14, (D,/S7)%4, and (S,/S)*, dimensionless 
g = acceleration of gravity = 4.18 X 108 ft/hr per hr 
G = fluid mass velocity (based on minimum net free 
area), psf per hr 
L = fluid flow length, ft 
m = denotes exponent 
AP = pressure drop due to “friction,” psf 
S;, = longitudinal pitch = center-to-center distance from 
tube in one row to hearest tube in next transverse 
row 
Sy = transverse pitch = center-to-center distance from 
tube t6 tube in one transverse row 


1 Director of Development, Alco Products Division, American 
Locomotive Company. Mem. A.S.M.E. 

2 Heat Transfer Engineer, Research and Development, Alco Prod- 
ucts Division, American Locomotive Company. Jun. A.S.M.E. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of Tur 
AMERICAN Sociery oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. : 


in-line tube arrangement (used in tables) 
staggered tube arrangement (used in tables) 
denotes function 
= absolute viscosity at average main stream tempera- 
ture, lb per ft per hr 
absolute viscosity at surface wall temperature, lb 
per ft per hr 

p = fluid density, pef 
(D,/S7)", (S_/S7)" = configuration correction factors, dimen- 

sionless 

(u/u,)°:14 = viscosity-ratio correction factor (Sieder and Tate), 
dimensionless 


ll 
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ll 
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INTRODUCTION 


Up to the present time, correlations of friction factors for pure 
crossflow over bare tubes have been based on the use of a 
hydraulic diameter (D, or D,), representing the pipe or tube out- 
side diameter in the conventional Reynolds number, i.e., Col- 
burn (1),3 Short (2), Bowman (3), Huge (4), Grimison (5), and 
others; or some form of equivalent diameter based on per- 
imeter for other types of surfaces, e.g., Norris and Spofford (6). 

Sieder and Scott (7) suggested an equivalent hydraulic diameter 
(D,), but did not make a usable general correlation. Davis and 
Gunter (8), in an unpublished paper presented to the N.A.C.A., 
gave correlations for both heat transfer and pressure drop in 
crossflow over bare-tube banks. These correlations used D, in 
the Reynolds number and in the conventional ordinate, plus 
correction factors for tube arrangement of the form (D,/S7)” and 
(S,/S7)”. 

As far as is known, no one has satisfactorily obtained correla- 
tion of bare tubes and conventional extended surface in pure cross- 
flow on one line. Many investigators have taken a limited range 
and obtained curves describing the results therefrom. It was 
felt that one curve covering a wide range would be of benefit to 
all. 

The present paper, following the lead of Davis and Gunter (8), 
proposes a general correlation covering both bare and extended 
surfaces using the correction factors mentioned. This presumes 
that fins are relatively smooth, and rows of tubes are three or 
more in depth in conventional arrangements. In addition, cross- 
flow friction on one arrangement of internal fins is shown to 
correlate in good agreement on the proposed curve. 

It should be pointed out that the following discussions do not 
take into account baffle effects, and for practical use, these factors 
should be allowed for, where applicable. 


GENERAL Discussion 


In the Davis and Gunter paper (8), it was pointed out that most 
investigators have found that the classic form of the general 
Fanning equation for flow inside tubes could be adapted to cross- 
flow outside of bare tubes, using tube outside diameter as hy- 
draulic diameter (D,). Others used perimeter-type hydraulic 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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diameter for special surfaces. However, these efforts resulted in 
having a number of friction-factor curves. to cover the various 
tube sizes and arrangements, Fig. 1. The reference paper further 
demonstrated that a single curve correlation could be made if 
certain configuration correction factors for the tube bank be 
included. 

It was found necessary to employ three characteristic dimen- 
sions in order to determine completely a particular configuration. 
This meant therefore the introduction of two dimensionless 
ratios into any correlation involving the form of the general 
Fanning equation, in order to produce a complete correlation. 

It was debated whether a bank might be completely determined 
by three dimensions in a conventional shell-and-tube exchanger 
because of the presence of the shell. This, however, was deemed 
not true because essentially the shell only ends the bank and 
should be considered only a quantity determining the mass 
velocity at any point across the bank. 

The problem then was to select three characteristic dimensions 
which would give a consistent correlation of all data. The tube 
diameter and the pitch both transversely and longitudinally 
were one possibility for the three configuration dimensions. 
However, the original work showed that a much more satisfactory 
correlation could be obtained if the volumetric hydraulic diame- 
ter and the longitudinal and transverse pitches be used. The 
next step was to decide which of these three characteristic dimen- 
sions should be employed in the Reynolds number, and which 
other two should appear solely in the configuration ratios. 

Inasmuch as most authors have found it satisfactory to use 
diameter in the Reynolds number for any particular tube ar- 
rangement, it seemed desirable to use volumetric hydraulic diame- 
ter in the Reynolds number and to allow the transverse pitch 
and longitudinal pitch to appear only in the correction ratios. 
This was later found to be justified by the excellent correlations 
which were obtained on this basis. 

It has been customary for most authors to measure longitudinal 
pitch as the perpendicular distance from one row of tubes to the 
next row in the direction of longitudinal flow. However, in 
order to obtain a correlation which would present data for both 
staggered and unstaggered tube arrangements on the same line, 
it was necessary to define the longitudinal pitch as the center-to- 
center distance from a tube in one row to the nearest tube in the 
next, row transverse to flow. 

For equilateral arrangements both in-line and staggered, there 
is-no difference in the configuration definitions and the (S,/S7)” 
correction factor becomes unity, disappearing from the equation. 
However, for nonequilateral arrangements, there is a varying 
degree of difference, depending on whether the layout is rec- 
tangular or isosceles, This is illustrated in Fig. 6. 

Much uncertainty has existed in the past concerning whether 
the f/2 values vary as a fixed or variable power of the Reynolds 
number. The present correlation proposed in this paper does 
not exhibit this variation to any marked degree and the authors 
have used straight lines as tangents to a short curve in the transi- 
tion region. The reason for this is the new Reynolds number 
against which the data were correlated, and the configuration 
ratios that were introduced, 

Various mean temperatures have been employed by authors in 
evaluating the properties of the fluid flowing over the banks. 
The possibilities include the use of a film temperature, an average 
of the wall and main-stream temperature, the average main- 
stream temperature, or some intermediate combination of these. 
There are many arguments in favor of the various possibilities. 
However, the best proof of validity is the experimental data 
agreement in the final correlation. For this purpose, in this 
paper the average main-stream temperature has been used, and a 
correction for the tube-wall temperature is obtained by using the 
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well-known Sieder and Tate (9) viscosity correction, u/u,. This 
method appears to give the best correlation and has been well 
substantiated by checking data on heavy fuel oils and various 
other petroleum products both for heating and cooling. 

The ranges of variables covered in this paper are as follows: 


Tube diameter, in......... Can AVIS eo hs 2 ny 0.02 to 2 

Reynolds: numberi(DsG/ 21) cade cie + oles 2 sseheloselersy= 0.01 to 300,000 

Poly tee tet Se ty St OX: oJ 2. Ge pepe ibe es nero ace 0.015 to 8 

LPANsVerse! PrbCN, ALAA. caus ctereiens setetieysine orien 1.25 to 5 

Longitudinal pitch; diam... o+-. >see een oes 1.25 to 5 
CORRELATION 


The proposed equation for pressure drop in crossflow over both 
bare and extended-surface tubes is 


tarda on el) eft ser 
Se aaa (+) Sr Sr = #(F) 


For the viscous range, the function of the Reynolds number is 
f/2 = 90 (R)~' and in the turbulent region, f/2 = 0.96 (R)-°™*. 

The transition point from laminar to turbulent flow occurs at a 
Reynolds number of about 200, although there is a slight curva- 
ture with the main straight lines being tangent thereto. 

From inspection of the five major curves, Figs. 1 to 5, inclusive, 
the relative significance of the new correlation will be immediately 
evident. Fig. 1 shows an attempted correlation using D, instead 
of D, without the correction factors that are proposed in this 
paper. This figure shows definitely that such a single-line corre- 
lation is impossible. 

Fig. 2 shows an attempted correlation using D, in the Reynolds 
number and ordinate without the two configuration-ratio correc- 
tion factors. It will be noted again that this correlation is not 
satisfactory, although better than Fig. 1. However, it shows the 
merit of using D,. 

Fig. 3 uses D, in the Reynolds number and in the ordinate, plus 
one correction factor, namely, (D,/S7)". This is again better 
than the first two, but still does not take care of wide pitches, 
especially in the isosceles or rectangular arrangements. 

Fig. 4 uses D, in the Reynolds number and both of the correc- 
tion ratios in the ordinate. It will be noted that all of the various 
tube arrangements now fall on a satisfactory single plot. 

Fig. 5 shows extended-surface data correlated on the proposed 
curve which show surprising agreement. 

Friction-factor data are shown in Tables 1 and 2. 


Bare TUBES 


The extensive data of Sieder and Scott (7) available for pres- 
sure drop have been used to establish the viscous and part of the 
turbulent regions. The power of the u/u, ratio is 0.14 in both 
the viscous and turbulent regions, unlike flow inside tubes. This 
correction is included in all plots, Figs. 1 to 5, inclusive. 

Norris’ (6) data on small wires correlate well on the proposed 
line. This is encouraging, as it establishes the validity of the 
equation down to a very low value of tube diameter. Huge’s (4) 
data for pressure drop also correlate satisfactorily. 

Inasmuch as within the possible range of variation in this case, 
the average temperature is not of too great importance in pres- 
sure-drop calculations, especially on air, it was possible to use the 
data of Pierson (10) on 38 different arrangements covering 
transverse- and longitudinal-pitch arrangements from 1.25 to 3 
diam, transverse and longitudinal, both staggered and unstag- 
gered. These 38 arrangements provide an excellent basis for the 
foregoing correlation. , 

R. P. Wallis (11) has published extensive friction data on two 
arrangements. The data have apparently been obtained with a 
very high degree of accuracy. They substantiate the proposed 
equation quite exactly. 
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TABLE 1. CROSSFLOW FRICTION-FACTOR DATA; BARE TUBES 


Ar- 


range- Source and Pt Basis Dy ) Dy 

No. _ment Material shay ( Re f'/2) satis 

ZL I Norris 02 90.3 -0258 0193 

2 or 124. 0252 or 

3 AIR -O4 144. 20246 .0384 

4 or 184. oO244 or 

5 0125 230. 20235 LS 

6 3B) 0224 

/ 567. 0217 

8 870. 0206 

9 T Wallis .5 37200 eeee 0915 mame Loy 
10 35,900. -092 - 
n AIR 35,350. +0925 - 
12 34, 330. -0927 - 
13 32,950. .0935 - 
Ww 31,600. -093 = 
15 30,100. .0945 - 
16 28,500. AOebs = 
17 27,050. 00955 - 
18 25,530. 0962 a 
19 2355506 0972 
20 20,650. .0994 - 
21 7PM LOS = 
22 15,250. -106 - 
23 1250 em SLOTS - 
24 10 O. ~106 - 
25 3 Wallis .5 31,,600. pay 
26 Bi, 200s - 
27 AIR 32,700. 1165 = 
28 31,700. -1165 = 
29 29,100 ug - 
30 22,470. 2129 - 
31 TGPOOO> —_ alsyh = 
32 11,890 143 = 
33 9,520 149 
34 Dae 0138 = 
35 73920. +154 - 
36 6, 365. -168 - 
37 5,630. -179 

8 . -186 - 
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(24) 65 Basis Dy 
pete (eRe PU/ Dey Demet 2 
1.0 1,040. .499 .297 Same 
- 1,385. .488 .29 as 
- DOO RESALE ure oh amet 2 
- 2,040. .472 .281 
- P50, IB Ayal 
- 3,930. 434 258 
- 6,280. .42 B25 
1.38 149,000. ..36 LRP GE 
- 148,000. .368 .248 .18 
- 141,000. .37 225 181 
- TE YOO Oy, osypl Aba aie 
- 132,000. .374  .253 .183 
- WYO GSvP. arsve ills) 
- WAKO. ASH cA AMES 
- 114,000. .38 257 186 
- 108,000. .382 .258 .187 
- 102,000. .385 .26 .188 
- CBAC, oS Wee) | cueD 
- 82,500. .398 .269 .195 
- 71,000. 412 .278 .202 
- 61,000. .423 .28 3207 
- 51,000. .43 229 Pl 
= 0,600. 7.288 _—. 209 
1.0 65,600. .217 2198 Same 
- 64,800. .218 .199 as 
- (Col, seal Ao A/a 
- COS 200 eee 202 
- 552006 teee208 me 205) 
- 42,600. .244  .223 
- 32,300. .254 .232 
- 22,600. .271 248 
- 18,100. .282 .258 
WA, AA yak 
14,800. .292 .267 
- 125100 se SlS mm eoL 
- 10,700. .34 31 
= ~9,460. _.352_ 6322 
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TABLE 1 (Continued) CROSSFLOW FRICTION-FACTOR DATA; BARE TUBES 
Ar- ( Basis Dt ) 3 ( Basis Dy ) 
range- Source & ( cD) Qxy.4 ( Ly.6 ( pr ca +2) 
No, _ment. _Naterial Dt  (__Re 23) 51 Dy eto E mero rey cert pete pa 2 ee ee 
39 s Sieder £75" 98.2 1.32 .046" .938" .938" 81 1.0 TAbyé .965 1.195 Same 
40 and 76.8 1.59 - - - - - 56, ibe. = ah MA as 
Bay Scott 72.6 1.32 = - - - - 53. .965 1.195 _£m 
42 45.6 2:72 - - - - - 33.3 NOS Gmeoe 5 2 
43 FUEL OIL 28, 4.85 - - - - A 20.6 3.54 4.38 
LL 16.7° API 15.5 9.81 - - = - = 11.3 7erlefee | EGE: 
45 Isothermal 159. 845 - - - - - 116. 6616 765 
46 124. 1.04 - - - - - 90.6 EX © RGY4 
Le 98.4 1.32 - - - = Es Date S06 LE Fo 
48 77.8 Te7 - - - - - 56.7 1 2/5), 
49 48.4 2.79 - - - - - 35.3 195i 2/2 
50 25.6 5.95 - - - - - 18.7 2.31 4 5435 
51 25.4 5.37 - - - - : 18.5 3.89 4.83 
52 20.7 7.0 c - s - - 15.1 5.06 6,28 
53 Lh 8,08 = = - - - TES 5.85 7.25 
54 TAS, eploal - - - - - 9.9 ep: 9.2 
55 S48 14.7 - - - - - 6218 54210! 65 1362 
56 47.7 2.43 - - - - - 34.8 Me | Pal: 
57 86.2 1.45 - - - - - 62.8 1406232 
58 155. ie - - - - - 113. De 642 
59 203, aya - - - - - 148. 518 64 
60 425, 45 - - - - - 310 53086 8205 
61 333. 49% - - - - - PyIS), 36 445 
62 233. 571 - - - - - 170. BLL ee 515 
63 452. 439 - - - - - 330. 232 2395 
64 ‘ 289. 55 - - - - - al .402 496 
65 338. 521 = - = = = 216. Eerie ihe 
66 377. 488 fe = ~ = = 275. S35 6:e eA 
67 (PR. 466 - - - - - 322 e234 Aes 
68 484. 455 - - - - - 353, moa Al 
69 864. 354 - - ~ - - 630. Sey mc Ke) 
70 706. 39 - - - - - bb. 284 «352 
71 é24. 416 - - - - - 455. ~304 376 
72 540, 439 = - - - - 394. 32 2395 
73 455. 425 - - - - es Bie. sou 383 
OP ee re a 
oe { Basis Dt ) 4 Basis D . 
renge- Source # (ig pe ee ee ee 
No, mont Materiatey Pt (eRe give) Nee ein gee Seal ere (pie | igo ee 
7h, S Sieder .75" 1,010, 389 -046' ,938" .938" (81 1.0 735. 6284 .35 = Same 
WS and Scott 152702 329 - - - - - 928, Bevis 296 as 
76 1,145. 384 = - - - - 635. bee 316 
Te KEROSENE 1,015. 416 = - = = = 71,0. 304 376 i Eh 
78 31, 05° APT 852. 426 * 4 = = = 622, 311 38 27 
79 Isothermal 669. 455 - - - = = L838, 332 41 
80 2,490. 356 - - = ~ - 1,815. 26 321 
81 2,080. 376 = iz 2 = - 1,515. Ph 333 
82 1,370. Sahih - - = - = 1,000. 301 374 
83 1,695. 384 - - - - = Tasty 28 34.6 
84 2,040. 35 - = = - = 1,490 £256 316 
85 2,490. 33 - = - - = 1,815. 241 298 
86 2,880, Sy, - - - : z 2,100. 248 306 
87 4,09. 304 - . me . . 2,980. pepe 27h 
38 3,600 368 = Z = “ “ 2,630. £268 331 
89 2,660. 33 = - - - - 1,940 esa 6298 
90 2,150. 362 E = : - 5 1,570. 2264 2326008 
nl ae Sieder 775" 41,400, 2276 7046" .938" .9387 .81 1.0 30,200 193 238 Same 
92 and Scott 16,400. 6261 - 5 - - 22,100 .189 BEV Ae 
93 35,900. £268 és 5 = m= - 26,200 2194 24 
94 WATER 14,400. .265 - - - - - 10,500 .192 237, ire 
95 Isothermal 27,800. 292 = = = = = 20,300 22 O22 
96 11,100. 282 = E 5 = = 8,100 204 25 
97 6,190. 332 - - - - ~ 15 0% 9520 +240 297 
98. = S Sieder 275" 188, ie .046' .938" .938" (81 861.0 197 511 631 - Same 
99 and Scott “iGwisy plac Ps - - - - - 556 - 963 1.19 as 
100 43.9 2,33 - - - - 32. 17 2.1 
101 FUEL OIL 170. .98 - - - - - RL. -715 S23 aoe 
102 10.5° API 96, 21213 - - - - - 70. 827 1,02 2 
103 Cooling 135. £98 = - - = - 98.8 715 883 
104 80, 1.34 = - - - - 58.3 £98 Teal 
105 29.6 3.73 - - - - - 21.6 2.72 3.36 
106 76.2 1.72 - - - - - 57. 1,255 1.55 
107 49. 2.56 - - - - - 35.7 1.865 2,3 
108 35,1. 3,47 - - - - - 25.6 2.53 3.2 
109 6.52 19.9 - - - - - Pe AVANG Iss 96.0 
110 62.9 2,04 = - - ~ - 45,9 1.485 1.83 
111 22.15 11.05 - - - = - 8.86 8,07 9497 
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TABLE 1 (Continued) CROSSFLOW FRICTION-FACTOR DATA; BARE TUBES 


Arrange= Source & Basis Dt ) a ey° ( Basis Dy 
Negron Material ~~ Oy. (hens eri/2). Dy, Pps Sy Se Sp (Re “ee 2 
bye Gs! Sieder 75" 35.9 3.24 .046' ,938" .938" .81 1,0 26.2 2.36 2.92 Sam 
13 and 28.8 4.35 - - - = - 2 Shly/ 3.92 as 
Ww Scott 13.7 10,3 = - - - - 10. 7.52 9.29 fp 
115 45. 4.39 - - - ~ - 32.8 3,2 3.95 
116 FUEL OIL 25.6 5. 2k - - - - - 18.7 3.82 Dea 
117 10.5° API 20. 7.39 - - - - - 14.6 5,39 6.65 
né Cooling Sei "IGS - - - - - 6.22 11.55 4.2 
119 5.64 26.4 - - - - - 4.12 19,3 23.8 
ko 4.25 31,3 * - . - - BET oes 28,2 
1 46.6 3.15 - - - - - 34. 2.3 2,84 
2 AS. 4.52 - - - - - 19, 3.3 4,08 
123 10.9 11.6 - - - - - TOF Se LLL 
124 4.8 26.7 - - - - - 3.5 19.5 24.1 
125 i ae - - - - - 3.64 21.2 26.2 
126 37.6 4.09 - - - - - 27.5 2.98 3.64 
27 20,7 6,33 - - - - - 15 et 4.62 at 
128 9. VEL - - - - - 6.57 10.75 13.3 
29 Lae On - - - - - Sie Pe Aaa) 
130 1321 10.55 - - - - - 95550 U7 a7 9.52 
131 7.55 25.9 - - - - - 5.5 18.9 23.4 
132 Bey, 44.5 - - - - - AL SP 40,1 
133 3206s 52. - - - - - Qeesmessee Hapa 
S/S Sieder 275" 2,360, ~325 046 938" .938" (82 1.0 1,730 237 .292 Sem 
135 and 1,690, ie: - - - - - 1,230 306 .378 as 
136 Scott 1,340. Ab - - - ITT. 325 Ah, eile 
137 2,960, £369 w= : a = 2,160. 269 332 
138 KEROSENE 4,090. £32 ae = : = 2,980. 625 308 
139 31.05° API 886, 475 - - - - 646. 346 426 
140 Heating 902. vA - - - - 664. .292 36 
41 640. £33) 2 Z = 468 316 389 
12 gales 436 - - i = 520 .318 392 

1 * 


i 
fim en Yea SR et Ys YR Te Woes Be ay doer es Ma | 


aes Sdeder 375" 26, oon ip Ee a open a 6, a2 1.685 Sam 
145 and 18,3 1,41 - - - - 32.6 2.51 2.39 as 
u46 Scott 29.6 995 - - - - 52.7 are) 1.685 £"/2 
147 68. 56 - - - - 121, 995 948 

us FUEL OIL 48.9 606 - - - - 86.8 1.08 1.03 

ug 12,8° API 23: dL 9: - - - - 42.2 2,12 2,@ 

150 Heating 13.6 1,87 - - - - 24.2 3.32 3.16 

11 $s Sieder Py bs 105, 1.47 2046 .938" .933" 81 1,9 76.7 1,075 1.325 Sane 
152 and HAS .809 - - - - - uh lGy 259 729 as 
153 Scott 120, 296 - - - - - 87.7 7 365 f"/2 
154 86.4 1,92 - - - - - 63. FTL S ai are 

155 FUEL OIL 36.8 1.99 - - - - - 26.9 1,455 1.79 

156 16. 7° API 32.4 2.16 = = = = = Par pen Nays E95 

157 Heating 198.5 ~ 746 = = = = 2 145. 2545 67% 

158 263. 611 = & é = a 192, AL6 ei 

159 392. 555 - - - - = 286, L05 5° 

160 318. 57 = Z - = - 232, £21 52 

161 156, 22 ~ i ge - - - Ue Oe erst 

162 208, 658 = = 3 xf 1sbis “Ae ah 

163 581. [ek eae - - - 42%, 31 2 

164 ps, 371 = - - - “ 543. 271.334 

165 s Sieder 375" 1,800, .28 2046" .938" .938" 81 1.0 aL eile 2205 253 Same 
166 and e320. poa7, - - - - - Be 2239 29% - 
167 Scott TL7 3372 - - - - 545. .272 338 fH /2 
168 321. pies - - - - - 234. AEA! 05 

169 FUEL OIL 312. 2756 - - - - - 227. +553 683 

170 25. 4° API 15935: ae) - - - - - 974. tee oa 

ya? Cooling 1,190. 336 - - ~ - - 870, 2245 a 

172 1,050, 349 - - - - - 765. 2255 314 

173 620. 389 - - - - - 453. ~284 352 

174 281. .818 - - - - - 205. 597 73 

175 1,125. 341 - - - - - 822, -249 308 

176 ‘ 915. 386 - - - - = 667. .282 347 

177 524. 419 - - - - - 382, 2306 378 

178 240, 945 - - - - - aly 69 849 

179 880 ~393 - - - ~ - $42. Eg) 354 

180 748, A455 - - - = - 545. Be ES 41 

181 410. .501 - - - - - 299, 366 «52 

182 187. 1.114 - - - - - 136.5 2633 E Ce 

183 626, 438 - - - - - 457. Agh 394 

184 441, A54 - - - - - 322. een 408 

185 288, 5516, Mika=. ite - . - 210, 421 32 

186 A255 959 - - - - - 91.6 pit : ‘3 

187 472. o51 - - - - - 345. Hele) 4 

188 348. 6 - - - - - 254. 39 54 

189 212. AUHE - - = - - LDDs Aas ¥- .68 
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TABLE 1 (Continued) CROSSFLOW FRICTION-FACTOR DATA; BARE TUBES 


ae Source & Dee Basis Dt , Dy SL ST (Px) 4 (2k) +6 Basis Dy =) 
No. _ ment Material ins (Ge Re f'/2 ft. eae, Meee ine Oe. Re fifa = Lye B72) 
191 Ss Sieder & 75" 238. 275 2046 -938 938 -81 1.0 174. 547 °672 Same 
192 Scott 155. 125 - = - - - aLigy, ACH: Bini as 
19 63.6 DoPal : 2 
19, #S Sieder &  .75 107. 1.02 046 938 -938 81 1.0 78. «746 .926 Same 
195 Scott iri ASA - - - - - 63.7 84 1.04 as 
196 (Ses alae - - - - 50.7 82 ay (oul £2 
197 FUEL OIL int PQony - = - - - S052. epleaion 1.86 
198 Helter omtene 8h. Tezih = = - - - 61.3 5o02)) ea 
199 Heating 73 1.38 - - - - - bias) abaonl 1.24 
200 58.2 1.67 - - - - - HAG alae ae) 
201 46.9 2.02 = - - - ihe abel) 1.81 
202 aan Dai: - - - - PPE DO DS 
203 BBS)  aLSE - - - - - sOas)  algeil 1.63 
204 42.4, 2.26 = - - - - 30.9 1.65 2.06 
205 BS PS = = - - = 23.8 2.08 2.58 
206 BB DS) = = - - - ig ale, 3.33 
207 152. .818 = = = - - aaietee 597 Bit 
208 125. 886 = = = - - One 647 .816 
209 : She. ala - 8 : g 
210 I Huge 220 15,000. .07 STE: 4.0 Soe Wasi 1.08 51,800. 2h 31859 c27e 
211. 22,000. 07 = = = - = 76,000. 2h, aneey gilt 
212 AIR 140,000 066 = = = - 138,000 229 NG AE Gilkey 
213 Heating 50,000 061 = - = = = 172,500 212) 16 148 
: é - - ; : : 2 
215 S " 2.0 60,000. .0367 ay Sao: eoy Dene 1.32 400,000. +245 N52 as 
216 35,000. -0467 = = = - < 232,000. 312 -193 146 
217 20,000. -0547 - - - ~ - 133,000. 365 pele in 
218 10,000. 06 = = = = = 66,500. 40 +248 _.188 
219 8 " 43 1,500. 0587 276 1.58 Te eal 1,316 9,950. 3? als) 
220 2,750. -0587 - - - - - 18, 300. 39 Bayes ilies" 
: é 5 F : 187 
5 : : ; : aye 
223 6,000. -0534 = - = - = 39,800. 354 22 AT 
22h Ss " 2.0 71,500. 147 163 2.78 2.5 996 1.068 70,800. 146 1465 .137 
225 10,200. 256 = = = = - 10,100. +254 255 6239 
226 1,080. PIP - = = = - 4,040. 269 ib = ee 
227 I a 5 6,120. .20 -O4L 625 2625. 996 1.0 6,000. 198 2199 .199 
228 20,400. 176 = = = = = 20,200. 174 SoS is: 
Arrange- Source & Basis Dy ) dy Sp Sp (Pvy 04 (Ly .6 ( Basis D, 
No. _ ment Material De Re £072). wet et gain ain eee my (Sake t'/2 £72 t/2 
229 I Pierson .31" 5,000. .0334 2268 8 Sey RAEN ao 52ROOOL ESOS tLe ee 
230 7,000. .0334 = = = = - (PREOOR | ASIS) sp 2 .212 
231 AIR 9,000. .0334 = = = = - 93,600. sane hoa <2le 212 
Heatin ZOLOOOR neo 208,000. _.312 19 19 
233 " " " 5,200. .038 val 62 93 1.38 0.79 Bis OO me CSS -231 
234 10,000. .04 = = = - - 66,000. .264 .191 +242 
235 30,000. _.035 = = = = = 198,000. _.232_—«. 168 212 
236 " " ” 6,000. .0266 Seal 3465 393 1.19 0.66 285200 n el 2a LOS 159 
237 30,000. .0332 = = = = - Wleoo, slay) alse a 
238 15,000. .0292 = = = - = POAC. SUIS TTL alg 
239. ~=«S " n 6,000. .0288 .096 .388 .93 1.09 0.592 222600 LOSE -167 
240 15,000. .0336 -. - - - - 56 w5OO > el 2mmedLlO Semel OM 
241 000. _.032 ~ - - - - MSOC. NY onal .18 
a2 zs i) n 5,000. .06 1971 93 -62 an6r ee 33,000. .396 .2h6 194 
243 10,000. .06 - = = - - 66,000. .396 .2h6 194 
24h 000. .0467 - - - - 198,000.  .308 _.191 150 
25am " " 5,000. .053 106 ~62 62 1.33 1.0 ZOE Oe ne cL GMeLOr 164 
246 10,000. .062 - - - - - T2000 ue 2 Dmae k 92 ge 


123,000. Seee 167 -16' 
19,600. oBhy LES oly 
2,500. 312 -108 12 


250 Js a W 15,000. .0528 +056 388 62 2.03 0.752 32,700. Palais) e112 149 
251 40,000. -056 - - - - - 87,500. le? -1185 01575 
22a " n 7,000. .0967 12 gS ene OD me meena: 33,000. 456.291 193 
253 15,000. .0868 =: = — - - 70,500. 409 .26 172 
25k 30,000. _.0734. = = = = = TD, 000s =e S6m e222 146 
255. " " 4,000. .098 O73 mee nn NGOS MERC mnLeLS 1S200 i 2 (emer 1 
256 10,000. .094 = = = = = 28,000. , 263) «2069 175 
2 20,000. 0 = = = = = 600072 e252 eal 166 
258 " " n 40,000. .093 .039 465 465 1.09 1.0 74,500. 173 0159 +159 
259 10,000. .103 = - - - = 1Ws,600) 192" s7Gu 7G 
260 : - OF ea 181 Penis 


10,000. 1036 ~—«w 388 13,6005 e720 aT LoD 
a sf . s 27,600. 15916 .182 

263 He WW u i, 0008) 22:33 -099 93 2368 WIND 1.69 15,100. 02 832k e191 
= 106,000. 464 299 wd 


265 " n " 6,000 © oLs .057 262 388 1.25 1583) 1371008 392 Seale -236 
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TABLE 1 (Continued) CROSSFLOW FRICTION-FACTOR DATA; BARE TUBES 
Ar- 
range- Source & Dy Basis Dy ) Dy SL ST (Py) +4 (2h) -6 ( Basis Dy 
No. _ment Material in. Re £2 Delft... in. wean ee ce ST (__Re Aa Baye 
267 I Pierson oan COO, a AO SaNeby sits} fey al 5,520, .296 .285 
268 AIR 10,000. .214 ~ - - - - 13,800. .296 .285 
OOM 27/0 UmEEs 206 
270 I " " 4,000. .258 1026 «6.388-~—S(s 388 iL EO 3,940. .252  .278 
271 10,000. .25 = = = - - 9,850. .2h4  .268 
272 Q00. _.226 2 = = = - 2) (OO. PPIs ee 
273 Ss " n 3,000. .154 209 Tan 5 ae Coe mmo: TEZOOR NSE 0374 
27h 7,000. .134 = = = = = 26,400. .505 .326 
2 26,000. -.11 = = = - - ECO. JO Ae 
276 D " " 25,000. 216 -056 65 -388 «21.25 1.36 52,300. .347 .278 
3. OOO mma - - - - - OR500n sho Tek 
278 " " " 3,000. .28 L036 TNE DOD COME Ic OMEN 1.7 4,180. .39 375 
279 25,000. -.206 = = = - - OOsmns 288.2 
280 D " " 35 000.meS 36 -026 §=.434h =. 388 91 TAGY/ 3,030. 34 037k 
281 25,000 mmEEe = = = = = DAO 266 
282 n " n 6,000. .09 sO ne (On a> Omnia 28,600. .43 «272 
283 20,000. _.08 = - - - - 95,500. .382 «2442 
ee D " " 6,000. .13 5073 atO6 LEME OS mmmle 2c mmc 9235 17,000. .368 .288 
2 ; = S 


35,000. .117 2036 Lae 65 97 982 ASO. 1c ; : 
289 6,000 176 - - - - - 8,360.  .246 v3 -258 
290 m nm " 3,500. .08 Su, aE ke Lo aS 2OR200 Ne Sn eo eS 
291 000. .0468 - - - - - 232,000 3) fell 1d 
292 ui uv n 32500 Sse O5 21069 2693) 62 133 1.07 MRS COS av) Ssbenss? 
293 5,000. .067 = = = = = WAACCO, 64 
29h " 1 w 40,000. .0798 073 0557 -62 1 ye BGS 9k 113,000. .22 ol97. PRL 
295 14,000 egal - - - = - 9,600. .32 278 2296 
296 " " a 6,000. .1A4 2056 2496 62 703 -874 VECO), GshlA -305 35 
297 A - - - - - 86,800. .198 192 ree 
4,000. .052 1268 Sek O93 1.65 1.07 41,400. .541 .328 .306 
299 22,000. 0387 - - - Se - 229,000. _.402 2h 228 
TABLE 2 CROSSFLOW FRICTION DATA; EXTENDED SURFACE 

Ar- Source {_Bests Pe ( Basis D. 

range= and ie a SL 6 - 2 
No. rent Materiel Dy (_fe pine Dy Sy Sr (|) (sp): (Re 2 i 2 
300 s Authors? - - - 20265! .,1094" .1094* 0566 1.0 2.62 2402 42.7 Sane 
301 Tests - - - - - 2246 29.1 51.4 as 
302 Meshed NOTE: - - - - - 2022 2762 48.0 £0 
303. Round OIL - - - - - Dero 35.6 62.8 2 
304 X-fins Cooling These Tests - - - - - 1.32 61.1 108.0 
305 Not Evaluatéd - - - - - 2.84 17.9 31.6 
306 on - - - - - 2.54 19.2 33.29 
307 Dy Basis - - - - - 2024 28.8 50.9 
308 - - - - - 2.20 28.0 49.5 
309 - - - - - 2044 26.9 47.5 
310 - - - - - 1.35 47.9 « 84.5 
311 - - - - - 2.07 32.5 5724 
312 - - - - - 1.71 44.5 78.65 
313 - - - - = 1.38 69.0 104.0 
314 - - - ~ - 2.06 19.0 33.6 
316 - - - - - 1.83 19.6 34.6 
316 - - - - - 1.20 3526 62.8 
317 - - - - ~ 1.1465 35.3 63.4 
318 - : - - - - 1.205 47.5 83.8 

20265! .1094' .1094! 25t6 1.0 

320 Tests = = = o = 2495 90.0 159.0 as 
321 Meshed ~ - - - - -613 63.6 10250 ne fie 
322 Round OIL - - - - - Guy HOS § ERG ee 
323 X-fins Isothermal - - - - - +386 120.0 212.0 
324 > - - - - e262 235.0 416.0 
325 - - - - - sone 178.5 $16. 
326 - bd - - - 187 366. 645. 
327 - - - - - 169 376. 660. 
328 - - - - - 3.33 Te 30. 
329 - - - - - 2646 24.7 43.6 
330 - - - - - 1.62 34.6 61.2 
331 - - - - - 224 L726 304, 
332 - = = - - 023 125. 221. 
333 - - - - - e183 186. S276 
334 - - - - - 222 144. 254. 
335 = = = rs = 6221 193. 341, 
336 - ae 4 - - 2180 214. 378. 


3,000. 
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-173 -522 1.07 
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218 
oil) 
+16 
-204 
27 
+32 
22 
2349 
2 
177 
1 
2234 
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TABLE 2 (Continued) CROSS FLOWFRICTION DATA; EXTENDED SURFACE 
Ar- Source (_Basis Dy ) ( Basis Dy ) 
range- and ( nv) (Du) -4 (21)-6 ( £" £ oe) 
No. ment Material Dy (Re 2 ) Dy s S, Ey Sp (ke 2 2 Fe 
337 s Ayshora? on = = .0265' .1094' .1094' .566 1.0 7159 S306 583. Same 
au oats B 2 S - - 116 349. 616. es 
eronionhen NOTE: = “ « - - 20260-1766 30.9 £ 
340 Round OIL - - - - - 2.81 15.75 27.8 2 
341 X-fins Isothermal These Tests - - - - - rary | 17.85 31.5 
342 Not Evaluated on - - = os = 3.14 17.5 5009 
ae Dy Basiss ie 2 x - - S20) secon Gees t 
344 s c - - - $21 16.85 29.8 
345 o - - - - 3.6 16.9 2.9 
346 - = - - - 3.88 14.15 25. 
347 - - - 3.94 13.7 24.2 
348 = i - - 1,01 45.5 80.2 
349 — = - - 1.25 32.4 57.3 
360 e 3 a - - 1.35 3063 5365 
361 E a = - - 1.56 25.3 4447 
362 a = - - - py em 41.7 
353 - - = - - 3.0 18.35 3264 
sa thereto OR rd OSOLEDT a 10948 ca 10040 ileDCO NR Es LeQNO 01,0206 Mir dm stlete. s070N CANO mmEE 
355 Tests ~ - - - - 923. 208 -567 8 8=as 
356 Meshed - - - - - 636. +264 -465 8" 
357 Round WATER - - - - 848, eed 372 2 
358 X-fins Isothermal a = = = ot 1,066. 197 2548 
359 E “ ~ - - 1,010. 178 +315 
360 = c = - - 704. +296 521 
361 - - - - - 439. 585 68 
362 = = = - - 1,060. +196 2345 
363 e o = = 729. .276 486 
364 - - - - = 575. 361 -637 
365 a « - - - 648. 4 707 
366 7 = = - = 765. ite +304 
367 - - - - ~ 733. +304 2537 
368 - - - - - 800. 321 265 
369 Wire Authors® if - 20220’ .0104' .O104T 1.36 1.0 14,000. +3175 7205 Same 
370 Mesh Tests - - - - Assumed 165,150. +32 +237) «as 
371 In- - - - - - 16,150. +331 Be Eee 
372 ternal § WATER = ~ = = - 16,900. +326 22415 2 
373 Fins Isothermal - - - - - 18,700. 2296 2219 
374 . - - - - - 13,950. 3501 0225 
Ar- Sour ce ( Basis ) ( Basis 
range- and ( (y+ s, 6 ( 7 f 2 
No, ment Materiel D, (Re 2 ) Dy 8 hy Sp (55) (_Re 2 2 i) 
376 Wire Authors* NOTE: 20220" .0104* .0104' 1.35 1.0 14,650. 322 -238 Same 
376 8 =©Meeh Tests - - - - Assumed 10,100, 574 2277 as 
377 Internal These Tests - - -/ ~ - 11,300. ~36 2266 fa 
378 Fins WATER Not Evaluated - - - - - 12,320. 2356 +264 Dy 
379 Isothermal On Dt Basis - - - - ~ 1,135. 2456 2338 
$80 - - - - - 1,750. 0413 2306 
381 - - - - - 2,900. 389 2288 
382 - - - - ~ 3, 740. 364 2270 
383 : - - - - - 4,260. 2375 278 
384 - - - - - 4,800. 2362 268 
385 = - - ~ - 6,300. 2378 296 
586 ~ = - - - 5,810. +361 +2675 
387 - - - - - 6,400. +368 2267 
388 ~ = = = - 6,780. +363 +269 
389 - - - - 6,510. 2394 0292 
390 - - - - - 7,250. 2396 2294 
391 - - - ~- - 8,160. 2344 2265 
392 - - - = - 8,780. 2379 2281 
393 - -« - - - 9,350. -390 .289 he. 
394 Wire Authors? . “W 20220 .0104t .0104¢ 1.35 1.0 488, 2716 053 Same 
395 Mesh Tests - - - - 471. 776 0576 as 
396 Internal a = 2 eee. aes 427. .798 «=a 
397 Fins OIL - - < - - 388. +812 602 2 
398 Cooling - ~ - - ~ 366. 82 «608 
399 - - - ~- ~ 332. 852 2631 
400 - ~ - - - 309. 291 8765 
401 - - - ~- - 280. 912 S76 
402 - - - - - 250. 2967 716 
403 - - - - - 221. 1.03 +762 
404 - - - - - 190. 1.09 508 
405 - - - - ~ 177. 1.165 2856 
406 - ~ - - - 168.5 1.26 2934 
407 - cd - - = 137.56 1.286 2952 
408 - ~ = ° - 129. 1.353 1.002 
409 ~ - - - - 149. 1.403 1,04 
410 ~ ” - - - 123. 1.53 1.135 
411 - 7 ~ - - lol. 1.765 1.3 
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TABLE 2 (Continued) CROSSFLOW FRICTION DATA; EXTENDED SURFACE 


Ar- Source (_Basis D, ) D ‘ s, f Basis D ae) 

range- and ( ft Y)e4 )6 rau on fe) 
Hos (ment Mteriel “De (fe 2) By cae ee faagtees aoe pene wy AP o dae eA’) 
412 Radietor Manufac- NOTE: 20137! - 2052! «586 1.0 1,280. .0895 1526 Same 
413 Core-(A) turers! - - - - Assumed 1,830. .074 126 as 
414 Typs Data These tests not - - - - since 2,570. 0619 21055 tie 
415 Surfece AIR evaluated on 70166! = = 7618 + indeter- TSO SOLO Gen 
416 (B) D, Basis. « - - - minate 2,080. .0822 134 
417 - - - - 257006 20767 124 
Fé Square Wenuface- ™ — Mae SiG0ld UDR TIOBY |. SOIREE ISS PIRALGO AP Ls SG0el PUBS babe Candee 
419 X-fins turers' - - - - - 2,260. 20972 2226 as 
420 Date - - - - 3,180. .0912 2212 £4 
421 AIR 630. 0856 199 
422 Radiator Manufac- . ‘ Sie ie ie as 
423 Core-(I) turers! - - - Assumed 1,570. ,.0896 way, as 
424 Type Date - - - - since 1,620. 20882 4 125 fe 
425 Surface AIR 20152! - -0364" 705 indeter- RR = Goss ueepiee me 
426 (II) - - = minate 1,570. 0955 21356 
427 - 1 0s epee 155 
429 X-Pine - sieyon ya al *360. ati 2382 as 
430 AIR - kow - ~ because 1,533. 2204 2374 tn 
431 - Deep - - only one 1,840, 189 347 2 
432 - - - row deep 2,150. _..186 23415 
433 Radiator N.A.CeA, -0207' 0417" .0834' 574 ~66 3,390. 144 +2b1 +38 
434 Core- - - - - - 6,770. .141 +246 372 
435 Type AIR = = = = = 10,200. ~.140 +244 2364 
436 Surface - - - - - 3,080. 1453 +255 386 
437 - - - - - 6,160. .140 +244 +369 
438 = = e a - 9,270. .1342 6234 +356 
439 - - ~ - - 12,300. 139 +242 366 
440 Finned N,A.C.A, 200364" = 2591! +130 1.0 1,280. .0489 1376 
44) Cylinders - Single - - Assumed 1,540. 0468 236 as 
442 AIR - Cylinder - - be cause 1,795. .0432 2333 £h 
443 (A) - in - - of 2,050, .0398 +306 2 
444 - Shroud - Shroud 2,560. 40365 +281 
ACCME Sere spores) — gph: “176 — Sffect T6600. <ObAS fimareS00 E lmga, i 
446 (B) 2,760. .0423 2240 
447 - - - 3,870. 03584 +218 
448 - - - 4,430. .0364 +201 
449 - - - 4,980. 0342 2194 

Ar- Source (Basis Dy ) 5 : Basis a - ; 

range- and ( fs) V4 a = < os 
SopiPusitielisMetenial,(D, (Re 2 ).2-By gt gee og er ee ath agate g sae 
450 Finned NOPE: .0124t Single .591 .213 1 OEE? 2905180578 pote Same 
451 Cylinders N.A.C,A. - Cylinder - - Assumed 3,500. 2049 +230 as 
452 These tests not - in ~ - because 5,250. 20418 2196 Ss 
453 (Cc) AIR evaluated on - Shroud - - of 7,900. 0384 +180 2 
454 Dt Basis. Shroud 8,760.  .0352 166 
465 D -O18S . sor “257 Effect 2,880. 0697 2294 Mi 
456 4,500. .0593 2250 
457 < - - 6,910. 0503 2212 
458 - - - 9,220. .0462 195 
459 - - - 11,500. 0425 +1795 
ZEoy AO ee 30207" rn 2591! 260 3,660. 0835 2d2l 
461 -. - - 5,850.  .0707 0272 
462 - - ~ 8,770.  .0603 2232 
463 ~ - - 11,700. .0561 2212 
464 = = = 14,600. 051 196 
aera iiacsraimirean kT a OSs Fiat > 10808 *Ioeamaneks0 2,700.10 .028e ee 
466 Core-Type Standards - Plate - - Assumed 5,400. 20733 20605 
467 Surface - Tubes - - since 10,800. -0718 20588 
208 End AIR Sere ee eee ee Se eee she eae Se yoe 0687 0071 es 
469 E-7 20543" Flat 20312'1.248 terminate 8,900. 0514 20412 
470 - Plate - - 17,800. .0477 +0382 
471 - Tubes - -- 26,600. .0467 20374 
472 : - ~ - 31,100, 0464 20372 
Testes) 7076" Fiat .0417"1.27 EOS (RIO ELC re 
474 - Plate - - 24,300. .0446 20352 
475 s - Tubes - - $1,000. .0446 20361 
476 : pte 43,500. 0446 0351 
477 ~(E-8 wle7t Flat 20625 ' lead 10,400. .0457 70544 
478 - Plate - - 20,800. .0418 20314 
479 - Tubes - - 31,200. .0417 20313 


41,500. 20402 20302 


480 = —— ae TE PE AAAS Ie Oh LEE EA eS em A 
481 F-6 20266 0417! 00854! 6654 66 2,170. 2498 «785 1.19 


482 = > = > - 4,340. 2498 2785 1.19 
483 as bed = Oo - 6,619. 2437 259 1,145 
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Friction data of Carrier, Allen, Soule, Dehn, Reiher, and 
Reitschel for a great variety of tube arrangements have also been 
used to establish the equation, but are not shown. 

There are certain discrepancies and deviations from the pro- 
posed main line in the data of Pierson. However, the magnitude 
of these deviations is in general not more than 10 or 15 per cent. 
Another point of importance is that no other authors have found 
friction factors which increase with Reynolds number, which is 
reported over limited ranges by both Pierson and Huge. Lind- 
mark, in his discussion of this paper, pointed this out and stated 
that he found no such inerease in experiments he conducted. A 
certain amount of these deviations may be accounted for by the 
fact that entrance and exit losses are contained in the over-all 
pressure drop reported by these authors. 

Jakob (12) proposed two equations of rather complex form for 
the correlation of Pierson’s data. It appears that the present 
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equation is simpler to use, and probably more accurate as it is 
substantiated by data from many other sources. 


EXTENDED SURFACE 


Fig. 5 illustrates how extended surface, both external and in- 
ternal, will plot on this same proposed correlation. 

It will be noted that some forms of extended surface, namely, 
flat plates and fins with turbulence promoters, do not correlate 
well on the suggested curve as would be expected. 

McAdams (13), Colburn (14), Norris and Streid (15), and 
many others have pointed out that flat plates and turbulence 
promoters will produce different flow characteristics. Flat 
plates show low f/2 values, and turbulence promoters give high 
values. The published and authors’ data included in the paper 
bear out these conclusions. 

The authors’ data on meshed round-cross-fin tubes (eight 1/4-in. 

: fins per in.) with no turbulence 
promoters, Figs. 6(h) and 7(a), 
Se show good agreement with the 
proposed correlation. They 
cover both heavy lubricating- 

oil and water tests. 
The N.A.C.A. tests on finned 
airplane-engine cylinders (16), 
Fig. 67, in an air stream show 
+20 per cent, which is well in 
line. These results are en- 
couraging, since fin heights are 
1,22 in. and spacing varies from 

0.057 to 0.166 in. 

Authors’ results on one sam- 
ple of internal-fin tubes, Fig. 
7b, show good correlation. 
This is especially interesting, 
since the tests represent a com- 
bination of cross- and internal- 
tube flow. 

Tuve and McKeeman’s tests 
on unmeshed cross-fin tubes 
(17), Fig. 69, (for only one 
row), show agreement within 15 
per cent, on the proposed curve. 

For comparative purposes, 
data from the Bureau of Stand- 
ards reports (18, 19), on vari- 
ous types of aircraft nose ra- 
diators, are included. These 
data show flat plates some 80 
per cent low, and round tubes 
and flat plates with turbulence 
promoters approximately 300 
per cent high for friction fac- 
tors on the suggested basis. 

In addition, manufacturers’ 
data on flat-tube core-type 
radiators are included to show 
that where not too much tur- 
bulence-promoter effect is pres- 
ent, these too correlate on the 
curve within —60 per cent. 

Reference to Table 2 will show 
that for the factor (S,/S7)", as 
applied to some of the ex- 
tended-surface samples, as- 
sumptions of unity were made 
in certain instances. 
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(a, External meshed round cross fins. 
b, Internal wire-mesh fins.) 


In the case of the wire-mesh internal fins, Fig. 7b (Tests No. 
369-411), an 8 X 8 screen wire mesh was used for the inserts. 
It was reasoned that the symmetrical spacing of the cross-wires at 
0.125 in. centers was the equivalent of equilateral pitch in a con- 
ventional tube bank; hence the use of (S;/S7)%® = 1. 

For the various samples of radiator core-type surface, using flat 
tubes with relatively smooth plate-type fins, the evaluation of the 
configuration ratio was deemed indeterminate. Since these sam- 
ples were included solely for comparative purposes, the factor was 
taken as unity. 

Tuve and McKeeman’s tests on round cross-fin tubes, un- 
meshed, were for only one row deep in the direction of flow. 
While no finite value of S; is determinable for this arrangement, 

t was assumed that sufficient exit turbulence was present to give 
at least some of the effect of additional rows. Therefore, 
(S,/S)-§ was assumed as 1 for the plot. 

With the shrouded-finned cylinders reported on by the N.A.- 
C.A., a variation of the foregoing is found. In this case, the single 
“tube” is surrounded by a close-fitting baffle just clearing the 
outer periphery of the fins, Fig. 6n. It was felt that this pro- 
duced the effect of an equilateral tube arrangement, and there- 
fore, the configuration factor would become unity. 


CONCLUSIONS 


1 The use of D, and the configuration factors proposed herein 
is recommended for a general correlation of pure crossflow fric- 
tion on a single curve. 

2 This same type of correlation can be applied to heat trans- 
fer, although demonstration of this is beyond the scope of the pres- 
ent paper. 


3 It has been shown that certain types of extended surface, 
approximating conventional tube arrangements, correlate well on 
the general plot. This statement is qualified by the assumption 
that fins are relatively smooth and tubes are disposed in three or 
more rows deep, transverse to flow. It is admitted that where 
flat-plate or turbulence-promoter effects become significant, the 
suggested correlation does not apply. 

4 Itshould be pointed out that additional data for the viscous 
range, on a greater variety of tube sizes and surface arrangements, 
are needed to establish more definitely this portion of the plot. 
This will be evident from an inspection of Figs. 1 to 5. 
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Appendix 


As mentioned previously, the present paper incorporates data 
from many diverse sources. The basic bare-tube plots are taken 
directly from the published data of various investigators, as set 
forth in the Bibliography. Some of the extended-surface plots 
are from published data; the rest from private manufacturers’ 
data made available for this work, and from actual authors’ tests. 
The last specifically are the external meshed cross-fin plots and 
those for the internal wire-mesh fins. 

Meshed Cross Fins. The meshed-cross-fin-surface sample 
tested is detailed in Fig. 7a. Conventional spiral cross-fin tubes 
(1 in. OD with 11/,-in-OD fins, 0.012 in. in thickness, 8 per in.), 
were arranged on 1°/j,-in. triangular pitch with fins intermeshed, 
as shown, in two nests of three rows each. The open tube ends 
were rolled into a tube sheet in the conventional manner, with the 
return bends disposed as shown. ‘This assembly was enclosed in 
a rectangular box-type shell with suitable inlet and outlet nozzles 
at the narrow ends for installation in the tes€ setup piping. A 
slotted baffle plate was placed at the inlet end of the test section 
to insure proper distribution of the entering fluid over the full 
face of the tube bundle. 

Cooling and isothermal test runs, Table 2 (No. 300-368), for 
both lube oil and water were made to fill in as complete a range of 
the curve as possible. It will be noted that the oil tests fall 
along the viscous portion of the line, with those for water in the 
turbulent region. 

Internal Wire-Mesh Fins. The internal wire-mesh fin-tube 
sample tested is shown in Fig. 7b. This was a 1-in. OD, No. 16 
Bwg copper tube with tinned wire-mesh inserts (8 X 8 mesh, 
0.04-in-diam wire), disposed inside throughout its length. The 
test sample was then installed with suitable entrance and exit 
straightening tubes in the piping setup, and the water and oil 
tests run as listed in Table 2 (No. 369-411). 
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ADDENDA 


It is recognized that the admirable work of Chilton and 
Genereaux (20) was seemingly overlooked in the presentation of 
the present correlation. It must be explained that, while the 
data of all the investigators covered by these authors were 
utilized to establish the new recommended curve, preprint dead- 
line limitations prohibited a direct comparison with this earlier 
work, 
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Discussion 
D. F. Botcurer’ anp C. E, Laprize.4 The authors have 
undertaken the formulation of a generalized method for estimat- 
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ing pressure drop across tube banks, a field in which a large 
amount of conflicting data are available and in which correlation 
is sorely needed. The advantages claimed for the proposed 
method are that it attempts to combine the data for tubes of both 
plain and extended surfaces in a single empirical correlation, and 
that the same method of representation is applied to the stream- 
line- and turbulent-flow regimes, as well as to staggered and in-line 
tube arrangements. 

An empirical generalization of this type is a useful design tool 
and has much to recommend it. However, as is usually the case 
in such instances, a certain sacrifice in accuracy is entailed. For 
banks of plain tubes, the accuracy is fairly good in the range of 
spacings commonly used in practice but becomes progressively 
worse as more extreme spacings are approached. Unfortunately, 
this is not made clear by the authors since their plots ascribe al- 
most one half of all the points plotted to an arrangement tested 
by Sieder and Scott, while each of the two Wallis-White ar- 
rangements is given considerably more weight than each of the 
numerous arrangements tested by Huge and Pierson. Figs. 8 
and 9 of this discussion show all the available data on pressure 
drop for turbulent flow across plain tube banks on the authors’ 
method of presentation, giving equal weight to each arrangement 
reported. It is apparent that the deviation of the data from the 
line proposed by the authors is as much as three- to fourfold as 
compared with less than twofold indicated by their Fig. 4. 
This greater deviation is due to the additional data of Allen, 
Andreas, Brandt and Dingler, Carlson and Hurt, Dehn, Jauer- 
nick, Reiher, Rietschel, Soule, and ter Linden, as well as some 
of Pierson’s and Huge’s data that had not been included in the 
original presentation by the authors. : 

Their line for streamline flow appears to be based on iso- 
thermal data for only a single arrangement. All other points 
are based on heating and cooling runs. In view of the uncer- 
tainty as to the proper interpretation of data for banks in which 
heat transfer occurs, it would hardly appear justifiable to use 
them for the fundamental correlation, particularly when iso- 
thermal data are available. The isothermal correlation should 
then be used to determine the proper way to handle data for the 
case of heat transfer. 

Fig. 10 of this discussion has been prepared to compare the 
available isothermal data on the basis of the authors’ method of 
presentation. The points shown represent all the isothermal 
streamline data originally reported by Sieder and Scoit as well 
as some additional data obtained by Sieder and reported by the 
authors. All of the data represent staggered equilateral tube- 
bank arrangements. By reference to the original Sieder-Scott 
method of presentation, subsequently adopted by Chilton and 
Genereaux for the streamline region, it becomes apparent that 
the authors’ method does not give as good a representation of the 
data. 

It is to be expected that the effect of tube spacing will be differ- 
ent for turbulent and for streamline flow. In one case, kinetic 
energy or inertia forces are predominant, while in the other shear 
or frictional forces are controlling. It is only by pure coincidence 
that tube spacing can affect each to the same degree. The fact 
that the authors obtained a fairly good correlation for both 
streamline and turbulent flow would appear to indicate that an 
equal effect is closely approximated. However, it should be 
pointed out that the available data for streamline flow, while 
copious, cover a very limited range of spacings (two staggered 
equilateral and no in-line arrangements). Consequently, ac- 
ceptance of the possibility of a single correlation for both regions 
must be made with considerable reservation until more data be- 
come available. 

In the case of the Wallis-White staggered arrangement, the 
authors apparently used a value of D, of 0.079 ft, whereas it 
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should have been 0.0625 ft, which results in their friction factors 
being high by 25 per cent. The original calculations of the Sie- 
der-Scott data reported by the authors also contained some errors, 
which, when rectified, resulted in most of the values originally 
reported for Reynolds numbers, D,G/y, less than 20 being 
shifted to a Reynolds number tenfold higher. The corrected 
values are given in Fig. 10 of this discussion. (See page 658). 
Summarizing, it would appear that the effect of tube spacing 


is considerably more complex than the authors’ method would 
imply. The foregoing discussion largely represents excerpts 
from a forthcoming review paper on the same subject. This 
paper will compare the various methods that have been proposed 
for the representation of data on pressure drop across plain tube 
banks, using all available data. It will be shown that other 
methods are considerably more accurate and simpler to employ 
for design calculations in the case of plain tube banks than that 
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proposed by the authors. Extended surfaces 
have not been considered, since data are con- 
sidered still too meager to permit any critical 
comparison. 


8. L. Jameson.’ The equation for pressure 
drop in crossflow proposed by the authors is 
very interesting, both from the degree of cor- 
relation they have obtained, and from the ease 
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Medium 


Reference Source 


Steder & Scott 
Steder & Scott 
Gunter & Shaw 
Steder & Scott 


with which it may be used in design. How- 


ever, a study of data on the effect of tube 


spacing in staggered banks of helically finned 


tubes* indicates that the equation requires 


further study and refinement before it can be 


generally used. 
In Figs. 11 and 12 of this discussion, friction 


factors are plotted against Reynolds number, as 
defined by the authors, for the highest and low- 


est test air flows for the arrangements re- 


ported.6 In all cases the friction factor is cal- 


culated on the basis of the free area in a single 


row of tubes, regardless of the relative free 


area through the diagonal openings between 


successive tube rows. 
Fig. 11 shows the friction factors for vari- 


ous #/,-in. tube arrangements as calculated 
from the authors’ equation. The points di- 
verge widely from their curve, and show defi- 
nite trends of divergence with variation of 
either the tube spacing across the face of the 
tube bank, or of variation of the spacing be- 
tween tube rows. 

The authors’ equation revised by inter- 
changing Sz; and S,7 gave a much better cor- 
relation of the friction factors for crossflow over finned-tube 
banks. The revised equation is 
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All symbols are as defined by the authors. The friction factors 
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oF REPRESENTATION 


for all tube arrangements tested® are plotted against Reynolds 
number in Fig. 12. The equation of the curve approximating 
the data is f/2 = 1.69 (R) ~°-26, 

A factor to correct air pressure drop for tube spacing in a 
finned-tube bank is very useful in design (see Fig. 5 of the writer’s 
paper®). Factors based on constant air-mass velocity, pres- 
sure, and temperature are plotted in Fig. 13 of this discussion. 
The factors calculated from the revised equation given previously 
check the test results satis- 
factorily. The factors cal- 
culated using the original 
relation of the authors show 
about double the test cor- 
rection for tube spacing 
across the face of the tube 
bundle, and a decrease in 
pressure drop with a de- 
crease in spacing between 
rows, ratherthan an increase 
as found in the tests. 

The revised equation 
indicates about double the 
effect of change in num- 
ber of fins on pressure drop 
as was obtained in tests of 
finned-tube banks. 

The revised equation cor- 
relates the data for cross- 

6 “Tube Spacing in Finned 
Tube Banks,” by S. L. Jame- 


son, Trans. A.S.M.E., vol. 67, 
1945, pp. 633-642. 
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flow across banks of helically finned tubes much better than does 
the original equation of the authors, but both require much 
study and revision before they may be applied to all types of sur- 
face in crossflow. 


AvuTHOoRS’ CLOSURE 


The authors appreciate the contribution, by Messrs. Boucher 
and Lapple and Mr. Jameson, of some thought-provoking dis- 
cussion material on the subject paper. Although their comments 
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G&S factors based on 
Fig- 


Curves are designated as follows: 
Test: Factors based on actual test data. 


seemingly refute certain parts of the over-all correlation these are 
welcome, since it is only by constructive criticism that progress 
can be made in a field in which, admittedly, such advances are 
desirable. 

With regard to the Boucher and Lapple comments, it is agreed 
that some over-all accuracy is lost in attempting a crossflow fric- 
tion correlation which presumes to take care of both staggered 
and in-line, bare and extended-surface tubes; at the same time 
it is observed that a single curve covering both streamline and 
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turbulent flow is most advantageous for practical engineering 
application. It might be well to point out that a majority of the 
additional data cited by Messrs. Boucher and Lapple fall out- 
side the ‘‘conventional arrangement”’ limitations imposed by the 
paper, and that “single cylinder” effects predominate. 

Further, as originally mentioned under “‘Bare Tubes” in the 
paper, “friction data of Carrier, Allen, Soule, Dehn, Reiher and 
Reitschel...... (were) used to establish the correlation but 
are not shown.” Recheck of this material against discussers’ 
Figs. 8 and 9 reveals inconsistencies of their plots here. The 
reference to Pierson’s and Huge’s data ‘“‘not included”’ is refuted 
by the statement that a majority of the minimum and maximum 
cases of these investigators were reported on in the paper while 
random tests of the remainder were made to check the validity 
of the correlation, but were not published. 

With regard to the streamline region of the curve, it is unfor- 
tunate that only two tube arrangements were available. How- 
ever, a number of extended-surface arrangements were applied 
which confirm this portion of the plot, in good agreement with 
the bare-tube data. Moreover, from a practical standpoint, the 
uuthors have used a large number of heating and cooling stream- 
line flow tests which fall on the suggested line, using the well- 
known Sieder and Tate u/u,, viscosity correction ratio. Conclu- 
sion 4 of the paper admitted this scarcity of variety in the data 
available for this range of the correlation, and thereby justified 
the foregoing procedures. In any case, the authors’ curve is 
found to be more conservative than that of Chilton and Gener- 
eaux (20), 

In this connection, critical study was made of the evaluation 
of the final AP values as produced by the two methods. As a 
result it may be stated that the Chilton and Genereaux correla- 
tion gives calculated results for the Seider and Scott isothermal 
data, for example, with average deviation of approximately 
—20 per cent, as against approximately +10 per cent for the 
new correlation recommended by the authors. Since practical ap- 
plications always countenance a certain amount of safety factor, 
and since, in the final analysis, it is the ultimate values of AP 
which should carry the most weight in establishing the validity 
of a correlation against actual results, it is felt that the proposed 
curve is more acceptable in this regard. 

In Mr, Sieder’s published discussion of the Chilton and Gener- 
eaux paper (20) he indicated that the use of two individual plots, 
covering streamline and turbulent flow, might be confusing and 
that there definitely is a gradual transition from one type of flow 
to the other, which is lost in the separate curve presentation. 
From a practical standpoint as brought out previously, a single 
curve is also very desirable for commercial use. For these rea- 
sons the development of the present correlation was undertaken. 

The authors must admit to an error in the published value of 
D, for the Wallis-White staggered arrangement, (Line No. 25- 
38, Table 1). The corresponding in-line data, however, are cor- 
rectly shown. Further reference to the original plots of authors’ 
Fig. 4 and corrected replots of these data in discussers’ Fig. 8 
will show that the 20 per cent discrepancy reported by the latter 
is of minor significance. Whereas the incorrect plotting first fell 
some 10 per cent above the recommended line, the true replotting 
positions these points an approximately equivalent amount be- 
low. The net result of this shift does not warrant any change in 
the published curve. 

With regard to the tenfold correction reported by the discussers 
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in certain of the Sieder and Scott data for Reynolds numbers 
originally less than 20, the authors cannot identify the tests re- 
ferred to, only one run having been located which contained such 
a change. In addition, four points appear to have been omitted 
from Boucher and Lapple’s Fig. 10 which fall on the published 
line at Reynolds numbers between 6 through 20. 

With reference to Mr. Jameson’s discussion, there are several 
items which warrant comment. In the first place, his reproduc- 
tion of the authors’ basic line as given in Fig. 11 is not strictly 
correct, being slightly high for the turbulent region shown (com- 
pare with Figs. 4 and 5). Moreover, it is to be noted that Fig. 
11 is restricted to but one tube size, 3/, in. A more complete 
plotting by the authors, including the 5/s-inch and 1-in. tube data 
shown in Fig. 12 transposed to original basis, falls both above and 
below the published curve, which represents a good average of 
these plots (see Fig. 14). 


AuTHoRS' 


Fie. 14 Comparison oF JAMESON FINNED-Tuse Data Wit Tur- 
BULENT REGION or AuTHORS’ RECOMMENDED LINE 


It must be pointed out that a minimum of three rows was stipu- 
lated as the lower limit of accuracy for the recommended corre- 
lation. Since some of Mr. Jameson’s work was on one or two 
rows, it might be expected that these points would plot low, which 
they do. 

As to the suggested revision of the basic equation by inter- 
changing S; and Sz, the authors cannot subscribe to this as a 
definitely established, recommended revision of the proposed 
general correlation. Application of this reversal to bare-tube 
data destroys the alignment there; hence for general correlation 
of both bare and extended surfaces, the original published ver- 
sion of the equation and correlation is preferred, at least for the 
present. The interchanged factor idea, is, however, most inter- 
esting, and as a demonstration of possible future work toward 
refinement of the basic correlation for more over-all accuracy, has 
much to recommend it. 

It is believed that when heat transfer and pressure drop can 
each be correlated on a single line for both turbulent and stream- 
line flow, using dimensionless correction factor ratios, this is a 
major advance in crossflow analysis. ; 

Further development of the basic equation must consider the 
following groups of surfaces—round bare tubes and single cylin- 
ders, round tubes plus flat plates (crossfin tubes), and flat tubes 
plus flat plates (core-type surface). 


Air-Cooled Steam Condensers 


By R. A. BOWMAN,! PHILADELPHIA, PA. 


In connection with the rehabilitation of the war-torn 
areas of the world, there is a great need for power plants 
which can be moved from one location to another without 
difficulty, and which can be put into operation in a short 
period of time. In some of the locations where these 
power plants must operate, cooling water will be unavaila- 
ble, or obtainable only at a great premium. To take care 
of such cases, a number of power trains have been built to 
use air as a cooling medium rather than water. The 
trains in general have been widely described. The present 
paper is devoted to a more complete description of the 
condensers and to a report on their operation. 


OWER trains are expected to operate at temperatures 
varying from 40 F below zero to +95 F. The primary 
purpose of the condenser is to recover condensate and not 

to reduce the heat rate of the plant by the production of vacuum. 
Back-pressure operation was chosen for design conditions be- 
cause the condenser size and power requirements of the blowers 
would be excessive if a vacuum of any magnitude is to be main- 
tained. At lower air temperatures or at partial loads, vacuum 
will, of course, be practical, and a single-stage ejector is sup- 
plied to take advantage of these conditions. 


DETAILS OF CONDENSER AND OPERATING CONSIDERATIONS, 


The condenser for a 5000-kw power train is placed on two cars, 
each car containing eight separate condenser sections, air for 
which is supplied by four propeller-type blowers. Fig. 1 is a 
general view of the condenser cars. Steam is supplied to the cars 
through a manifold from the turbine, connecting to a pair of 
longitudinal steam ducts running the length of the car. The 
condenser sections are set on these ducts so that steam enters 
them from the bottom, is condensed, and the condensate drains 
back into the ducts from which it is removed by a condensate 
pump. This counterflow relationship between steam and con- 
densate was chosen because it not only serves to heat and deaer- 
ate the condensate but also prevents its freezing. 

The condensing sections themselves consist of ten rows of 
_ finned tubes, mounted vertically. Each section contains 370 
tubes, giving 5625 sq ft of finned surface, or a total of 90,000 sq 
ft for the train. The face area of each section is 42.5 sq ft. 
The dimensions of the tubes are given in Fig. 2. They are ar- 
ranged on a 2-in, staggered pitch. The tubes are constructed of 
steel, with steel fins, and the tube assembly is galvanized inside 
and out. Steel was chosen for the material because it is adequate 
for the service and was more available at the time the design was 
prepared than were the copper-base alloys. 

In all condensing apparatus where the latent heat of steam is 
transferred to a cooling fluid as sensible heat, there will be 
variations in the condensing capacity of different sections of the 
condenser. In order to supply each part of the condenser with 
the steam it requires, it is necessary either to provide a varying 


1 Manager, Condenser Engineering, Westinghouse Electric Cor- 
poration. Mem. A.S.M.E. . 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27-Dec. 1, 1944, of Tun 
AMBRICAN Society oF MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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pressure drop to the different parts, or to arrange the flow paths 
so that they will have the proper resistance to limit the steam to 
that required by the condensing surface. In the ordinary surface 
condenser this can be accomplished in a natural manner by ar- 
rangement of tubes and tube plates, In those cases where the 
steam is inside of the tubes, nothing can be done to vary the re- 
sistance of the individual flow paths, but resistances can be added 
in the form of orifices to bring about a balance in the steam-flow 
paths, 

A section through the individual condensing unit is shown in 
Fig. 3, illustrating the method used in this air-cooled condenser to 
provide balanced steam flows. The tube bank is divided into 
five separate groups, each group comprising two rows of tubes. 
The first four of these groups exhaust into the fifth group 
through orifices. The fifth group of tubes serves as a final con-~ 
densing section, or what is frequently called an “‘air-cooler 
section.” The orifices limit the amount of steam which any 
group can supply to the air cooler, and in order to pass the total 
steam required by the air-cooler section it is necessary that steam 
be supplied through all the other four groups of tubes, giving 
an adequate balance of steam flows. 

The requirement that the condenser operate satisfactorily at a 
temperature of —40 F makes it imperative that every possible 
precaution be taken to prevent freezing inside the condenser. 
The greatest danger of freezing arises in those areas which, be- 
cause of poor distribution or light loading, are not fully supplied 
with steam, Fortunately, the design which leads to efficient 
use of the condenser surface by supplying steam to all the tubes 
in accordance with their capacity to condense it, also serves to 
keep all areas warm and free from ice. 


Avoipine DirFiIcuLties at Low TEMPERATURES 


Under conditions of light load and cold air the vacuum deter- 
mined from heat-transfer considerations will exceed that pro- 
duced by the ejector, and the condenser will begin to fill with 
air until the point is reached at which the remaining surface 
supplied with steam is just sufficient to satisfy the heat-transfer 
equation. As soon as a tube fills with air its temperature will 
drop approximately to that of the air outside the tube. If this 
temperature is below the freezing point the condensate which is 
formed within the tube or flows into it from other sections will 
freeze. The first tubes in which this will occur are those in the 
air-cooler section; but since this section is located on the air- 
discharge side, the air will have been warmed up to a tempera- 
ture above 32 F in almost all cases. Any reduction in load oc- 
curring after the air-cooler section has been blanked off will 
introduce air at the top of the tubes in the first row where 
danger of freezing is great. 

Each section of the condenser is supplied with a distant-reading 
thermometer, the bulb of which is located in the top of the center 
tube of the first row. Since this thermometer bulb is located at a 
point where freezing is most likely to occur, the operator is given 
a reliable guide on the danger of ice formation. The operating 
instructions of the train state that when the temperature as 
measured by this thermometer falls below 150 F, the amount of 
air circulated should be reduced by closing down one or more 
blowers. 

In the case of extremely low temperatures and very light loads, 
it is possible that even with only one car in service and one 
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BOWMAN—AIR-COOLED STEAM CONDENSERS 
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blower operating dn that car, the temperature as read on the 
thermometer will still tend to fall to a dangerous degree. To pro- 
vide for such an eventuality condensers are equipped with cover 
plates which can be used to cover a part of the surface of each 
section to reduce the cooling area and amount of air flowing. 

The air-removal system from the sections consists of a mani- 
fold running along the car, connected to the air off-take from each 
section. This manifold delivers the air to the suction of a single- 
stage ejector which in turn is served by an air-cooled after con- 
denser. 
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ConDENSER TESTS CONDUCTED 


At the time the entire train was tested, readings were made 
on the condenser. The purpose of these tests was to determine 
the amount of heat which could be transferred by the condenser 
under design conditions and were limited to this objective. Time 
was not available to run tests under carefully controlled condi- 
tions or to develop careful instrumentation. Test data were ob- 
tained on the following items: 


Ambient temperature. 

Barometer. 

Air temperature leaving condenser. 
Steam temperature. 

Steam flow to the condenser. 
Air-pressure drop through condenser. 


aOornwnre 


The temperatures were measured with glass thermometers, 
except for the temperature of the air leaving the condenser 
which was measured by means of thermocouples. The steam 
pressure in the duct was measured with a mercury column, the 
pressure drop through the condenser with a water column, and 
the amount of steam flowing with a calibrated commercial flow- 
meter at the boiler. The test results are given in Table 1. 


TABLE 1 TEST RESULTS ON CONDENSER 
Test no. zy 2 3 

Ambient temperature, deg F 94.25 86.8 70.3 
Barometer; its igi gees a aieis cna 28.95 28.93 28.86 
Air temperature from condenser, deg 

aah Sen ar hae Tao oe oI coon 202.2 184.2 yal G3 
Steam temperature, deg F... 225.4 217.2 202.4 
Steam condensed, lb per hr. 79860 78640 78140 
Air-pressure drop, in. H20.. 2.4 age 2.64 
Heat load, Btu per hr... 75,330,000 74,360,000 75,830,000 
Heat-transfer rate...... BA weie! DUG 12.0 
Face velocity, psf per br............. 4300 4700 4640 


Tests on the air-cooled condenser for the power train indicate 
that such a condenser is entirely practical where conditions 
justify its use. It has the advantage that no water is required for 
cooling and can be put into operation without connection to an 
outside source of cooling medium. Because of the poor heat- 
transfer properties and the low specific heat of air, such a con- 
denser in general requires higher auxiliary power, greater invest- 
ment, and higher back pressure on the turbine than would the 
usual water-cooled condenser. For this reason it is not likely 
to find many profitable applications in the power-generation field, 
and its use will be confined to those extreme conditions where 
water is not available, and the increased cost and reduced operat- 
ing efficiencies can be justified. 


Discussion 


S. Kopp.? The air-cooled steam condenser described by the 
author is an interesting application of extended heat-transfer 
surface to meet a wartime need in the power-generation field. 
As mentioned by the author, only in rare cases will such con- 
densers be used in peacetime for this purpose. The power re- 
quirements for the blowers is high, although this could be 
reduced by increasing the amount of heat-transfer surface. 

At the present time several companies are manufacturing 
standardized air-cooled heat exchangers which are being used in 
those sections where water is scarce or may only be obtained at 
a premium. Several of these installations are quite large and 
justify their installation from an economical standpoint. The 
writer knows of one case where the cost of installing a water line 
plus the cost of a cooling tower alone far exceeded the total cost 
of an air-cooled heat exchanger. 


2 American Locomotive Company, Alco Products Division, New 
York, N. Y. Mem. A.S.M.E. 
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Heat Transfer Through Tubes With 
Integral Spiral Fins 


By D. L. KATZ,! K. O. BEATTY, JR.,1 ano A. S. FOUST! 


Heat-transfer data are presented for a group of tubes 
having integral spiral fins. The group includes tubes with 
a range of from 4 to 24 fins per in. and from 0.05 to 0.38 in. 
fin height. Seven series of measurements were made, us- 
ing steam, air, water, and oil as fluids. The data are com- 
pared, when possible, with theoretical equations which ap- 
ply to the particular heat transfer. The performance of 
tubes with the extended surface is compared in all cases 
with that of plain tubes tested under similar conditions. 


NOMENCLATURE 
The following nomenclature is used in the paper: 
Ay = outside area of tube, sq ft per ft 
A, = inside area of tube, sq ft per ft 
C, = heat capacity of fluid, Btu per lb per deg F 

Do, = diameter of tube over fins, in. 

D, = inside diameter of tube, in. 

Dy = equivalent diameter or diameter of a plain tube which has 
the same longitudinal cross section as the finned tube (in- 
cluding fins) 

D’ = inside diameter of outside wall of annulus minus D, of 
inner tube 

G = mass velocity, lb per sq ft per sec 

h = film coefficient, Btu per hr per deg F per sq ft 

k = thermal conductivity, Btu (ft per hr per deg F per sq ft) 
L = length of tube, ft 

q = rate of heat transfer, Btu per hr 
At = logarithmic-mean temperature difference 

U,) = over-all heat-transfer coefficient, Btu per br per deg F 
per sq ft outside surface 

U, = over-all heat-transfer coefficient, Btu per hr per deg F per 
ft length of tube 

V = velocity, fpm, Vmax = velocity at minimum cross section 
u = viscosity, lb per ft sec 
INTRODUCTION 


Heat-transfer measurements have been made on eighteen tubes 
with integral spiral fins and two plain tubes. The tubes were 
made ot copper and were either of 1/2 or §/s in. nominal diameter 
with actual dimensions as given in Table 1. Fig. 1 shows the na- 
ture ot the integral spiral fins which are formed from a plain thick- 
walled tube. With the exception of tubes Nos. 13, 14, and 24, 
the fins have a small uniform taper; the tip of the fin is from 60 
to 80 per cent as thick as the base. Fig. 1(a) shows the nature 
and magnitude of corrugations inside the tubes. 


Seven groups of heat-transfer measurements were made with 
steam, air, water, arid a mineral oil as fluids, as follows: 

Series A: Heat transfer from steam inside single horizontal 
tubes to air in forced convection outside. 


1 Department of Engineering Research, University of Michigan, 
Ann Arbor, Mich. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of THE 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors, and not those of 
the Society. 
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Series B: Heat transfer from steam inside banks of vertical 
tubes to air in forced convection outside. 
& Series C: Heat transfer between cold water inside single hori- 
zontal tubes and humid air in forced convection outside. 

Series D: Heat transfer between water inside single horizontal 
tubes and steam outside. 

Series E: Heat transfer between steam inside single horizontal 
tubes and water in annular space outside. 

Series F: Heat transfer between water inside single horizontal] 
tubes and hot oil in annular space outside. 

Series G: Heat transfer between steam inside single horizontal 
tubes and oil in annular space outside. 
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TABLE 1 DIMENSIONS OF TUBES TESTED 


666 

Fin Root 
Tube Fins height, Ao ft? A; ft? diam, 
no. per in in. per ft per ft in. 
£ 16.2 0.050 0.46 0.144 0.640 
4 24 0.044 0.556 0.143 0.628 
7 None 0 0.163 0.143 0.625 
8 7.5 0.228 0.964 0.147 0.662 
9 None 0 0.131 0.110 0.500 
10 ews 0.335 1.46 0.141 0.620 
11 5.8 0.300 1.01 0.142 0.622 
12 Si 0.320 1.47 0.148 0.640 
13 4.0 0.123 0.281 0.106 0.481 
14 4.0 0.235 0.505 0.111 0.500 
15 3.9 0.380 0.81 0.111 0.500 
16 8.0 0.285 1.28 0.149 0.645 
22 8.33 0.166 0.617 0.114 0.503 
23 9.00 0.119 0.471 0.113 0.492 
24 3.8 0.157 0.336 0.102 0.500 
25 3.8 0.286 0.594 0.104 0.518 
26 3.8 0.316 0.66 0.104 0.518 
27 5.8 0.250 0.74 a alital 0.510 
28 6.0 0.141 0.43 0.115 0.521 
29 6.0 0.347 1.09 0.116 0.525 


Inside Outside Fin Face depth 
diam, fin diam, thickness, of duct during 
in, in. in. Dz, in.* Series A, in. 
0.550 0.740 0.016 0.666 1.25 
0.548 LOO i738 0.012 0.654 1.00 
0.547 he wae 0.625 1.00 
0.562 1.115 0.020 0.730 1.50 
0.422 hee axe 0.500 1.00 
0.540 1.291 0.024 0.744 1.291 
0.542 1.223 0.024 0.706 1.223 
0.564 1.280 0.024 0.764 1.280 
0.404 0.725 0.035% 0.515 1.50 
0.424 0.970 0.032 0.560 1.50 
0.424 1.260 0.027 0.580 1.50 
0.569 1.215 0,024 0.754 1.215 
0.436 0.835 0.024 0.569 1,215 
0.432 0.730 0.022 0.539 1.215 
0.390 0.815 0.037 0.544 13215 
0.398 1.090 0.032 0.588 1.09 
0.398 1.150 0.032 0.595 1.15 
0.424 1.010 0.027 0.588 1.01 
0.441 0.840 0.027 0.567 1.01 
0.445 1.220 0.024 0.625 1.22 


2 Deis the diameter of a plain tube which has the same longitudinal cross section as the finned tube (including fins). 


+ Estimated. : a 
Nore: Ao = outside area. Ai = inside area. 


Over-all coefficients of heat transfer were measured in all cases. 
The results for Series A, B, and C have been correlated by gen- 
erally accepted methods and are presented as correlation curves. 
The experimental data for the remaining series have been tabu- 
lated, since no complete correlation has been found. 


Series A Heat TRANSFER From Stpam INsIDE SINGLE Hort- 
ZONTAL TUBES TO AIR IN FoRCED CONVECTION OUTSIDE 


Single tubes 3 ft long were placed in a horizontal position as 
shown in Fig. 2. Air blown normal to the axis of the tube was 
controlled by vanes whichhad a spacing at the position of the tube 
as listed in Table 1. Calming was accomplished by six vertical 
vanes 16 in. Jong, as indicated in Fig. 2. Inlet- and outlet-air 
temperatures were measured by mercury-in-glass thermometers. 

Steam was admitted to the inside of the tubes at 10 psig, and 
the condensate was collected in a calibrated tank. Care was ex- 
ercised that noncondensable gases did not accumulate in the con- 
densate receiver. 

The observed rate of steam condensation, corrected for radia- 
tion losses, was used to calculate the rate of heat transfer. The 
air rate on a weight basis was calculated from the measured rise 
in air temperature and the heat-transfer rate. 

Over-all coefficients of heat transfer are expressed either as U;, 
or Up, as calculated from the following equations 


Med: in; STE ty 
U, = Tee (eer hi Gos eee [1] 
' BBE 2-1 Fone [2] 


Ut = FAki Eidos Red 


where q = heat-transfer rate, Btu per hr 
L = length of tube, ft 
Ao = sq ft of outside tube surface per ft of length 
At = logarithmic-mean temperature difference between 


steam and air 


The relation between the two coefficients is 


From the data obtained, correlations have been developed be- 
tween the heat-transfer coefficient Uo, and the air velocity at the 
minimum free cross section, Vmax. Air velocity is expressed in 
feet per minute of standard air defined at 70 F, 29.92 in. mercury 
barometer, and 50 per cent relative humidity. At these condi- 
tions, the specific volume of air is 13.5 cu ft perlb, In calculating 
the minimum free cross section, allowance is made for the longi- 
tudinal cross-sectional area of the tube, including the fins. 


CONDENSATE 
RECEIVER 


MOTOR DRIVEN BLOWER 


Fic. 2 Apparatus Usep ror Hreat-TRANSFER MEASUREMENTS ON 


SincLe TuBES 
(Section through duct and top vane to show tube.) 


The correlations for the data on the tubes of Table 1 are pre- 
sented in Figs. 3, 4, and 5, as plots on logarithmic co-ordinates. 
Fig. 3 includes the data for tubes having outside-surface areas in 
excess of 0.65 sq ft per ft. Fig. 4 shows the data for tubes having 
outside-surface areas less than 0.65 sq ft per ft. In each figure, 
the tubes included range from those having 4 to those having 9 
fins perin. The straight line in Fig. 3 has the equation 


Ug" =".0:229! Vanexo: Phen its Terman - [4] 


In Fig. 4 the straight line drawn corresponds to 
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Fic. 3 Over-AuLu Cogrricients or Heat TRANSFER FOR SINGLE 
Tuses Acatnst Ain VELOcITY AT MINIMUM FREE Cross SECTION 
(Data for tubes Nos. 10, 12, 15, 16, 26, 27, and 29.) 


— 


KATZ, BEATTY, FOUST—HEAT TRANSFER THROUGH TUBES WITH INTEGRAL SPIRAL FINS 


300 400 500 600 700 800900 1000 1500 2000 2500 3000 3500 
Vmax IN FEET PER MINUTE BASED ON STANDARD AIR 


Fie. 4 Overr-ALt Corrricients or Hear TRANSFER FOR SINGLE 
) Tusers Against Arr VELocity at Minimum FrEep Cross SECTION 
(Data for tubes Nos. 11, 22, 23, 24, 25, and 28.) 


Both groups of data agree within approximately +7 per cent 
) with a single line drawn in between the two lines shown. This 
| line has the equation 


(Wii — UPB eas X Saban doo sono unc [6] 


Fig. 5 contains the data on the two low-finned tubes Nos. 1 
and 4 and the plain tubes, Nos. 7 and 9. Equation [6] is plotted 
as a dashed line for comparison. The extended surface of the 
fins for the tubes in Figs. 3 and 4 is slightly more effective per 
square foot than the surface of the plain tube. The tubes 1 and 4 
are low-fin tubes having 16 and 24 fins per in. The curves show 
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Fie. 5 Over-ALu Cornrricients of Heat TRANSFER FOR SINGLE 
Tuses AGarinst AIR VELOCITY AT MINIMUM FREE Cross SECTION 
(Data for tube numbers as labeled on curves.) 


that the increase in surface produced by the fins does not cause a 
proportionate increase in the heat-transfer coefficient per foot of 
length. This is probably because the fins are too close together to 
permit free passage of air between them. 

In Fig. 6 certain of the data have been plotted as Uz, the heat- 
transfer coefficient per foot of length, against the air velocity at 
minimum free cross section. This figure illustrates the wide dif- 
ferences in fin heights and fin pitches of the tubes tested. The 
consequent variations in outside tube surface per foot of length 
make great differences in the heat-transfer coefficients, based 
on the length of the tube. 


Series B Heat TRANSFER From STEAM INSIDE BANKS OF 
VERTICAL TUBES TO AIR IN FoRCED CONVECTION OUTSIDE 


One single row of 12 tubes and one double-row unit were used 
for heat-transfer measurements on banks of tubes. The dimen- 
sions of the units and of the finned tubes used in them are given 
in Table 2. Fig. 7 is a sketch of the apparatus used in testing the 
two finned-tube units. The units were set with tubes vertical in a 
duct of cross section equal to the face dimensions of the unit. 
Measurements of steam condensed and air-temperature rise were 
made at a variety of constant air velocities for each of several 
different steam pressures. Steam pressures used were 5, 25, 50, 
75, 100, and 125 psig. Face air velocities were varied from 200 to 
750 fpm, based on standard air. 

Calculations of the data were made in the same manner as 
with single tubes. The calculated values of Up are plotted against 
Vmax, on logarithmic co-ordinates in Fig. 8. No distinction has 
been made between points obtained at various steam pressures, 
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BLOWER CALIBRATED 


CONDENSATE 
RECEIVER 


Fic. 7 Apparatus Usep IN TESTING FINNED-TuBE Units 
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TABLE 2 DIMENSIONS OF UNITS TESTED 
SinciE-Row Unit 


Dimensions: 
Face, in. high X in. wide. =z .24.5 X 17.6 
Pace'sares, sq fd ..€ tet ks. iris ita ego ee 3.0 
Minimum’ ETOCOLALEA; SO Lbiaiet depo enseuncomiedstvievaees OM 1.55 
Nusibetof tibesi2 tt a. a cms om oe ves to 12 
Nigitibervor ro Watt. cat. sot eee elt ne eee 1 
Total length of tubes, ft.. Be, Ses OO 
Total heat-transfer area, sq Ee kec pEer oe 25.95 
Center-to-center tube spacing, in.............. 1.41 
Data on tube in single-row unit: 
N = 5.80 fins per in. 
H = 0.314 in. = fin height 
Ao = 1.056 sq ft per ft = outside tube surface 
D = 0.622 in. = root diam of tube 
Do = 1.250in, = outside fin diam 
DE = 0.709 in. 
DovusLe-Row Unit 
Dimensions: 
MACe, Uns We ATL, SUA CLC A coins fener oasis ve fon sie aaa 24.5 < 17.6 
Wacewreal Sashts. cokes fccie s See Ee leader re 3.0 
Miniminm free ares, sdiltic. cardia fuse eee aOk 
Nam DervOL*GUDES tesa tts tentecetmieta a atets tee ee 24 
INuimber of TO Waites dais cue bein metas iste ee 2 
Total length of tubes, ft.. besten ene 49 


Total heat-transfer area, sat ieee ice ieee Se: vfs) 
Tube arrangement.. ‘ Hh iephecekgs . . Staggered 2 rows, 1.5 in. 
Center line to center line. .12 tubes, 1.41 in., center 
to center in each row 
Data on tube in double-row unit: 


N= 7.80 fins per in. 
H = 0.347 in. = fin height 
Ao = 1.056 sq ft per ft = outside tube surface 
D = 0.621 in. = root diam of tube 
Do = 1.315 in. = outside fin diam 
Dz = 0.751 in. 


a 
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ve 
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c 
=x 
a 
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since no trend was observed. The straight line in the figure has 
the equation 


Up => 0.308 Vmax? *? 


A comparison of this equation with Equation [6] for similar 
single tubes shows that the heat-transfer coefficients at a given 
air velocity are approximately 30 per cent higher when the tubes 
are arranged in banks than when they are used singly. This in- 
crease is probably caused by a greater turbulence of the air around 
the tubes in banks, or could be attributed partially to the layer of 
condensate accumulating inside the horizontal tube. The effect 
of turbulence has been observed by other investigators?’? be- 
tween a single row and a bank of several rows with plain tubes. 
It appears that a single row of finned tubes causes turbulence 
equivalent to several rows of plain tubes and that only minor in- 
creases in turbulence occur with added rows of finned tubes. 
When tubes are to be used vertically in banks, the coefficient 


2 “Correlation and Utilization of New Data on Flow Resistance and 
Heat Transfer for Crossflow of Gases Over Tube Banks,” by E. D. 
Grimison, Trans. A.S.M.E., vol. 59, 1937, pp. 583-594. 

3‘*Heat Transmission,’ by W. H. McAdams, second edition, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1942, p. 228. 
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should be estimated from the solid line in Fig. 8 and not from 
Fig. 3 or 4. 


Series C Hear TRANSFER BETWEEN CoLpD WATER INSIDE SIN- 
GLE HorizontTaL TuBes AND Humip Arr In ForcED CONVECTION 
OutTsIDE 


Measurements of heat transfer between humid air and cold 
water were made, using the apparatus in Fig. 2, with modifica- 
tions. Air entering the blower was conditioned to 80 F, with 50 
per cent relative humidity, and held constant. Water cooled to 
40 F was circulated through the tube at a velocity of about 200 
fpm in the'tube. Actual water rates were determined by a cali- 
brated orifice, and the rise in water temperature was measured 
by Beckmann thermometers in the inlet and outlet streams. 

Wet- and dry-bulb temperatures of the inlet air and dry-bulb 
temperature of the outlet air were measured by mercury-in-glass 
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thermometers. The rate of heat transfer was computed from the 
measurements on the water side. The air rate was computed by a 
heat balance, assuming the air to have been cooled and dehumidi- 
fied according to the “contact-mixture theory.’’4 This method 
was considered more reliable than wet-bulb measurements on the 
outlet air because of the possibility of condensate from the tube 
being entrained in the air stream. 

The over-all. coefficients of heat transfer were computed using 
Equation [2]. The results for five high-finned tubes which follow 
the same curve A are given in Fig. 9. A similar curve was drawn 
for tubes Nos. 15, 25, 26, and 28. It is shown in Fig. 10, as curve 
B, which figure also includes curve A of Fig. 9 and the data 
for seven individual tubes. Fig. 11 is a comparison of the plain 
tubes, the low-finned tubes and the curves A and B. The equa- 
tions for curves A and B are as follows 


Guve.A VU 
Curve B Uo 


PANS 
(0:353) Vases 


In calculating the minimum free cross section of the duct to ob- 
tain Vmax in feet per minute of standard air, allowance was made 
for a condensate film approximately 0.01 in. thick covering the 
entire outer tube surface in addition to the longitudinal cross sec- 
tion of the dry tube. 


4“Contact Mixture Analogy Applied to Heat Transfer With Mix- 
tures of Air and Water Vapor,”’ by W. H. Carrier, Trans. A.S.M.P., 
vol. 59, 1937, p. 49. 
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The fin shape, height, and pitch appear to have considerably 
more effect on the heat-transfer coefficients of the tubes when 
they are wet than when dry. In general, the large number of fins 
per inch give lower coefficients with the extreme effect shown by 
tube No. 4 with 24 fins (0.044 in. high) per inch, Fig. 11. No ex- 
planation can be given for the high coefficients for plain tube No. 
9. It should be appreciated that the temperature rise measured 
for the water was lowest for the plain tubes and rose with in- 
creased surface for the finned tubes. 


Serres D Hear TRANsreR BerTwEEN WarteR INSIDE SINGLE 
HorizontTat TuBEs AND STEAM OuTSIDE 


The last four series of tests were made using variations of the 
apparatus shown in Fig. 12. For Series D, the cooler section only 
was used with water flow as indicated in Fig. 12, and steam at 25 
psig in the annular space outside the tube with condensate going 
to a calibrated receiver. 

The experimental data and calculated coefficients are given in 
Table 3. The over-all coefficient is composed of the steam-film 
coefficient on the outside which should remain substantially 
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constant, the copper resistance, and the water-film coefficient 
on the inside, which should vary as the 0.8 power of the Reynolds 
number. It was possible to select steam-film coefficients for the 
outside by the Wilson method,** which give straight lines of 
slope equal to 0.8 for the water-film coefficient as plotted in Fig. 
13. For many of the tubes no constant value for the resistance 
of the steam film plus the metal resistance could be found which 
would give straight lines in Fig. 13. A possible explanation could 
be that dropwise condensation occurred during the early runs at 
low water velocity and filmwise condensation gradually set in. 
In several cases the over-all coefficient was reduced for an in- 
creased water velocity, although further increase in water ve- 
locity always gave a net increase in the coefficient. 

For all finned tubes the water-film coefficient was greater than 
that predicted by the Dittus-Boelter type equation recommended 
by McAdams? 


5 “Basis for Rational Design of Heat-Transfer Apparatus,’”’ by E. 
E. Wilson, Trans. A.S.M.E., vol. 37, 1915, p. 47. 

® Reference 3, p. 272. 

7 Thid., 3, p. 168. 
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TABLE 3 DATA ON FINNED TUBES; WATER INSIDE, STEAM 


OUTSIDE 
TUBE | WATER TEMPERATURE | LN MEAN | WATER STEAM HEAT TRANSFERRED COEFFICIENT 
No JINKET | OUTLET | 4T aT VELOCITY | CONDENSED] STEAM | WATER BTU PER HR PER *F 
- F oF F FT/SEC | LBS/HR | BTU/HR | BTU/HR PER SOFT PER FT 
1 wo2 | Bee 704 162.6 165 Seb 49000 47700 b56 99.7 
se | i262 oz.¢ | 166.8 344 B).6 8/900 60100 “30 162 0 
65.1 | 1237 56.4 | 120.0 4% 114.4 106400 10c000 /42 8 205.0 
Ons WS 28 7262 es 1352 126900 124000 1695 242.0 
4 66.4 136.9 70.0 104.8 1,70 “2 | 43200 43200 6/0 On$ 
sy | 128.3 vee 163.7 350 43.0 85200 73800 1120 160.8 
ws | ent 656 13.5 48S 100.6 99600 98400 1330 170.0 
Wd 653 | 29 stb 172.0 436 8S 120000 | 22 000 WSS eo 
7 ws | 1297 ae 165.5 75S MS 36400 35400 SOs 72.3 
sé 3.0 | 426 178.0 3,37 2g 58300 58700 165 IOS 
“8 | so57 | #09 183.0 #80 78.9 73700 71600 923 132.2 
bee | 00.0 | 356 1845 692 826 83600 69300 1050 151.0 
@ | rs | me Wy 186.0 7198 “33 $9000 $7700 898 129.5 
oss | 1382 7 163-0 345 105.3 98000 90300 43/0 192.7 
65 | 133.9 he 166.2 4.76 730.0 126/00 117500 /ePo 246.0 
2 1300 63.8 /bb63 6.32 161.0 1§ 0000 197500 2065 304.0 
le oh B44 $73 102.0 2c 45S 42300 4/300 AEE 650 
e12 1258 SG 167.0 S19 DE 72300 71500 1310 1440 
us | fere HS me 7.36 oss 9% 609 93600 680 1830 
oo7 | ae SNS 1730 10.10 31d 122800 121800 bi2es 2340 
10 ces | (He 78.0 7$7.0 782 She 50300 F960 06 706 S 
ose | (Ho 4 | Jol. 3b6 39.9 93200 57500 1335 186.2 
ose | se9¢ | 638 | “2 Sus 132.0 123000 1/5000 1710 2302 
bss 126.2 cas 167.$ tess. 151.0 191000 140000 2000 2770 
n on) | /43 2 sto 789 5.9 $4100 $3300 794 | 113.0 
us S.2 oo 163.0 3.35 90 89500 84100 1248 1780 
656 | s2a7 62.9 179-0 $06 130.0 121200 1139000 SSO 22/0 
ose | l2ue | 640 144.0 640 1587. 198000 143000 2020 2680 
12 w4o | 170.5 | 1043 [42a 272 5 30300 47900 7907 2090 
bs7 ($7.2 3S 1439.0 319 135.6 126 $00 ban 1840 2760 
oss | W948 | B65 1645 455 1S.7 143600 15/800 2280 2/0 
| oss | 1963 | 268 152.5 6 00 206.0 132000 186-500 2685 4000 
3 cry | 200.4 | 13.7 | 1190 2ee %.0 89000 30000 2380 25a0 
673 | /808 USS 135.0 S42 1e2./ 151600 14€800 3450 3660 
670 | /%8 | fxs 1305 29 240 132.500 153000 4200 445.0 
668 | 53 18.5 148.7 9,33 2390 225500 2/$ $00 4650 492.0 
ia tz | 7838 | Whe 7320 | 385 2.2 706000 704 000 2300 2e40 
682 | /73./ | 104.9 139.5 Sas 183.1 163/20 138500 2940 3320 
O80 | 45.7 I57 WS 4 74S 187.2 17F 000 167000 3420 392.0 
6.6) ars | 39.7 | 149.5 9.0 220.5 | 206000 | 199000 3940 4520 
Ss 73 | 5.9 | 66 131.0 308 90.7 83/00 13865 2/40 
bbe | 427 | 053 142.0 596 /43 152000 2730 SHO 
bob | 1574 | 308 150.0 22/ 1757 164000 3/80 34640 
658 | (S42 wt 152.0 32 2/70 201000 3870 445.0 
16 ves | 1090 | We¢ 142.5 742 704 65600 7037 1540 
656 | 1577 9 1500 332 1330 120800 1850 2720 
“2 | KIS | 85 155 0 454 1747 185200 23/0 $£30 
sz | mo | 608 | 152.5 S95 206.0 _| 191000 2720 495.0 
22 607 | 846 123.9 IA 341 H2 0 98500 2205 2520 
605 | 138 WSS. 16 4.05 114.0 107200 2/95 2510 
cor | 1536 BS 155.2 $09 1216 141300 2120 2415 
600 | i476 oe 1987 597 1268 122 300 2255 247 
$90 | 148 15.6 166.7 80 1559 145400 2530 209.0 
Be | 1306 2 1692 942 1438 162600 2775, wbo 
23 | os [08 | 1203 1373 357 7005 300 7980 T 2240 
od | 2.4 fo2 0 1495 455 113.0 101000 2040 2310 
0.0 | 1460 88.0 188.2 538 128 108200 2036 2300 
$99 | 139.8 73.9 103.5 420 1318 122100 2210 2500 
sos | 1304 709 169.0 bas 143.0 1341000 2380 2490 
53.5 129.0 63.7 170.0 935 1570 148900 2556 2690 
24. | 600 | 1990 | 139.0 724,0 40b 720.0 72000 | 05000 2860 292.0 
600 180.0 120.0 137.0 S05 1285 120000 /(4000 28/5 287.0 
600 | Ibeo | /06.0 1420 6.25 146.7 137000 134000 3005 307.0 
a0 160.0 100.0 1510 80s 49 159000 /$0000 3295 354.0 
600 | 1570 | 97.0 153.0 8.98 178.7 167000 /42000 3520 359.0 
soo | [540 $4.0 154.0 9.66 186.3 124000 172000 Bees 372.0 
25 a0 | 2030 | 743.0 7240 was | 305 722000 | 116,000 3/60 327.0 
0 181.0 121.0 310 S50 1360 127000 123000 238s 306.0 
wo 8 W0 (45a aad ISTO (43008 1354000 3180 3240 
608 162.0 102.0 143.0 as? /65,0 / $4000 159000 B50 350.0 
@o 19° 99.0 1510 B70 182.0 170000 160000 3580 365.0 
wo 155.0 950 1S6o fee 188.3 176000 472000 ove 3220 
26 ] 590 | 2098 | 1506 | 7150 3.09 709.0 702 000 90900 2780 289.0 
$90 | 175.8 1368 139.0 426 leas 120000 143000 26390 280.0 
530 | (684 | 1096 195.0 os 1950 135500 130900 2340 306.0 
se | s640 | s048 1980 rz 163.0 152000 144000 3240 3370 
$90 1590 a4 154.0 oes OS (#0000 1§ $000 3260 339.0 
590 | 4 87.4 10.0 10.20 192.6 1802000 1.73000 3540 368.0 
27 56 2086 149.0 M60 3.08 Mee 108 G0 101000 2770 300.0 
$98 | 0949 | B08 132.0 4.23 M3 sszc@0 12/000 2955 woe 
586 173.0 Aad 1430 58 ME 135000 128000 262s 306.0 
S86 158. ¢ 39.6 132.0 652 60.5 ‘1 §0000 (43400 2975 322.0 
sau | 1552 Ow $3.0 225 1h} 4.0000 154000 3/60 392.0 
S84 (82.2 95.6 /$5 0 635 195.0 1200 172 000 3520 3800 
| 400 | 2000 | 400 | 7230 EVa Rie 773000 705000 ests 296.0 
60.0 “Se 105.0 1480 Soe 1424 133000 126000 2sso 294.0 
00 1$0.0 90.0 (eo 64S ($42 (46000 /38000 2655 Mo 
oo | /45.0 850 1600 756 Mob.0 1/5000 155000 2790 321.0 
soo | 141.0 | 810 12.0 64 181.0 103000 165800 2960 342.0 
400 1370 770 1640 933 WLS 180000 171000 3095 357.0 
29 wo | 2090 | /490 716.0 yas 758.3 748000 741000 3500 708.0 
00 | /92.0 | 132.0 129.0 53s 193.9 181000 17/000 3900 955.0 
400 | 176.0 | /K.o 140.0 467 28 197000 188000 3940 959.0 
$00 | 67.0 | 10720 196.0 2.55 221.4 207000 197000 3945 460.0 
coo | /68.0 | 10.0 46.0 855 2380 222000 229000 £360 5090 
600 | /oz0 | 1020 /490 240 260.0 293000 233000 4560 | $92.0 
"Based on 
Inside Area 


This increase is caused by corrugations on the inside diameter 
which were made during the processing of the tube. Finned tubes 
having lower corrugations would be expected to have water-film 
coefficients similar to plain tubes and would follow Equation [10]. 


Serres E Heat Transrer Between Steam Insipp SINGLE 
HorRIzONTAL TUBES AND WATER IN ANNULAR SPACE OUTSIDE 


Series E was run in a manner similar to Series D but with steam 
inside the tubes and water outside. The data are presented in 
Table 4. Over-all coefficients per foot of tube are plotted for 
some of the tubes in Fig. 14, using water rate as the variable. 

In the absence of methods for predicting the film coefficients 
for the steam inside and the water outside, no correlation was 
made. For finned tubes the outside area may be several times 
the inside area. Therefore, even a high film coefficient on the 
inside such as for steam may become a major portion of the re- 
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sistance. For example, tube No. 12 at 162 lb of water per min 
had an over-all coefficient of 453 Btu per hr per deg F per ft of 
length, or 308 Btu per hr per deg F per sq ft outside area, or 3060 
Btu per hr per deg F per sq ft of inside area. The steam-film 
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Water-film coefficients inside the tube under conditions similar 


to these were computed in Series E. These water-film coefficients 
TUBE es ae LN MEAN WATER STEAM HEAT TRANSFERRED COEFFICIENT and the ass m tion th t th - +, f tl b 
ui 4 ri VELOCITY |CONDENSED| WATER STEAM BTU /HR/ *F u 1 a Tesi = 
PE Gla LBS/MIN LBSAR BTU/HR BTU/HR PER SQ FT PER FT 1y 5 c ce = ES oY me BOY Sac ELEN ce aks 
Fzsiai|unze zal | easnllursssbe|llusaaonln meor Eee lected were used along with the over-all coefficients to compute 
Yees| ga5| 20a | 2oa000| 754.000| $67 364 film coefficients for the oil in th 1 
4,000) 194,000 767 364 
igca| /2e0| ‘231 | £12e00| sigoos| S70 Bae c cients for the oil in the annulus. 
4 236.000| 232,000 860 + 4/7 7 7 ] A 
A ES || Be ea ea ee Sih A comparison between the experimental coefficients and those 
18/8 465 7042 | 98200] 101000 322 183 i i i 
jess] 73°|  faai'| s3a000| 134800 | 426 ose calculated by Nusselt-type equation, Equation [10], requires 
142.8 152,000 465 262 5 . 
7720 | 167600] 165,600 $71 294 j a i 
| /2/8| ‘eaboo| ‘Sa%oo| 330 234 equivalent diameters for the annuli. A procedure for plain tubes 
7733 96,500 98, 300 7060 773. ] ] ins} } j 
| ae Ae ere pase is to use the difference between the inside and outside diameters 
/129 98400 701,000 1083 172.3 . . . 
joar | _92600| 700000 | yore 1s of the annulus. For the finned tubes, the inside diameter of the 
330 | /56000| /34000 B08 297 
373 | 783,000| 1772600 348 336 us 
373 | 1431200] 474600) 340 336 annulus has been taken as equal to Dy. For the twelve tubes 
402 205,000! 199,400 S76 367 thi 4 } 1 . 1 
423 | S08000| 270,000] 38e a which gave essentially straight lines for the water-film coefficients 
426 2206000 2/7,000 398 ELE) . . 
/ 
eas | 300]  @3c00] 7745 465 in Fig. 13, a plot was made of the product of hD’ versus Reynolds 
916 85/00! 85,600 1/75 150 
ee 78,800 63,900 /092 139 Cpu 
95 74,600 83,600 1/063 36 - P 
835 | 75.500| 43606| 1063 136 number, Figs. 15 and 16. If the Prandtl number { — } and the 
159.0 144,800 (98,200 d74 252 k 
792.0 | 180,200] 79,200 208 30! 
220.5 198,000) 206,000 229 332 iwi * 
2353 | ego00| 278000] 244 So thermal conductivity / are assumed to be constant over the 
2505 227,000 234,000 256 37 . . . 
(490 | 744300) 739.508] 259 Ee small temperature range used, Equation [10] may be simplified 
1738 767,200 /62,000 298 304 5 
195.0 183000 182,000 325 328 Ss % 
SO era | OREO Pe 328 as shown by Equation [11] 
2IGS 203,800 202000 356 359 
204s | 790400| 791,006 23 }nm ees? 
218s | 200,604) 204,400 236 347 Cc 0,4 DG 0.8 DG 0.8 
24975 235,608 2F/,006 266 39! h , ph 
278» 256,000) 260006 291 427 D = 0.023 om k a = b Tad Shezexe {11] 
3175 280,000 287,000 308 | #53 y a 
1268 124,006 Pip eee 790 eee 
1420 /33,006| 32,80 84s 237 
150.0 142,400 140,000 B72 eqs . 
7330 | 752.000| /48,200| 919 258 By using average values for c,, », and k& (Prandtl number = 
144.0 (34,500) 134,500 492 248 
0 CNT) me til OE 
189.0 | 776,500] 76,500 6/5 3/0 
1987| 183/00] /as,s00 end es TABLE 5 DATA ON FINNED TUBES; OIL OUTSIDE, WATER 
INSIDE 
160.5 /49,000| /$0000 347 
165.6 | 163000] /54,800 356 
4747 /6¢,000 163,000 398 TUBE |WATER TEMPERATURE OIL TEMPERATURE LN MEAN VELOCITY HEAT TRANSFERRED COEFFI T 
184.0 176,600) /72, 000 377 NO. |/NLET [OUTLET] OT INLET) OUTLET! AT aT sey 
7989 190,500} 184, 800 #0l c C LBS./MIN BTU 7 HR. BTU PER HR PER °F 
att Fa a Se ae as ie c c c A c 1 F WATER OIL WATE A crs PER SQFT) PERFT 
2/78 | 198000| 204000 OF ' | 7939| 26 92| 753 |48.05| 8546] 257) “45 | /43 | 920 | 77600 | 73300 79>| 338 
He || BARA ea Sai 1927| 25/1 | 504 |8d4/| 8569| 272| //68 | /43 | 640 9000 9870 S73 269 
240,000! 245,000 311 1927| 2348 4.21 | 8794) BY.S1 2.83) M72 144 440 6706 7000 ait /93 
260,00 264,000 332 = 19.33) 22. fs 2.68 | 8750| 84.02 | 348) 70 AS 229 | 4460 4480 FAA 127 
722,000]  /26,000 363. |. «| 7936] 2737 €67| 882/| 6s2s| 29¢| /38 | 7400 | S425] (2700 74000 | 70% 392 
1698 162000 156,300 422 4740\ 2565 825 | 84.30| 8590| 296) //76 4497 79S 3/06 12800 659 367 
Yas 77.100 165.800 438 1740) 2470 730 | 8830) 6545) 285) //83 “47 740 41600 11706 589 223 
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2e70 222,096 2/2, 900 EZed | 340 79,08| 3/07} 1499 | 8766) 8236| s24| 078 43 650 /8 506 19160 5BA $42 
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deg F per sq ft. 


Serres F Hear Transrer Berween Water INSIDE SINGLE 
Horizonrat Tuspes AND Hor Oi 1n ANNULAR SPACE OUTSIDE 


The apparatus in Fig. 12 was used with measurements for 
Series F on the cooler. The 37-deg A.P.I. mineral-seal oil had vis- 
cosities of 3.20 centipoise at 100 F, and 1.03 centipoise at 210 F. 
The boiling range was‘from 525 F at 10 per cent to 644 F at 90 
per cent with a 50 per cent temperature of 568 F. Two sets of 
heat-transfer data were taken, one for an annulus with a diameter 
2.073 in. for the inside diameter of the outer pipe, and the other 
for an annulus of 1.583 in. The data are given in Tables 5 and 6. 

The measurements on plain tubes Nos. 7 and 9 are the usual 
over-all coefficients for the inside wall of an annulus. In the case 
of finned tubes, the spiral fins affect the path of the oil through the 
annulus. ‘ 
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TABLE 6 DATA ON FINNED TUBES; OIL OUTSIDE, WATER 


INSIDE 
TUBE ) waT ER TEMPERATURE LN MEAN VELOCITY HEAT TRANSFERRED COEFFICIENT 4 
OUTLET] ST at LES. / MIN BTU / HR 
Bl pyc *c * oF water | ow WATER Oil 
' (642) 2661 6.5 139 3/0 | 18300 $300 933 44.8 
2536 130 435 660 43/00 43300 79.5 374 
z. 1B2 137 460 / 0860 1900 os2 307 
= | 32 (32 238 £700 5890 33.1 56 
a 113,6 (475 92.0 20300 (9600 106e 22 
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122.0 U4 29 230 9970 S770 28.8 6.6 
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21), b was computed to be 0.072. For the No. 7 plain tube and 
the 1.583-in. annulus, the film coefficient was computed by 
Equation [11] and plotted in Figs. 15 and 16 for reference. 
It may be seen that the oil-film coefficients are all above those 
for plain tubes, probably due to the turbulence caused by the 
fins. 

The increase in turbulence may be offset by the increased re- 
sistance of the metal, especially for those tubes having high fins 
and thin fin sections. It is significant to observe that the higher 
coefficients were for tubes which had 4 fins per in. In nearly 
all cases the measurements on the larger annulus gave higher 
coefficients for a given Reynolds number. . 


Serres G Hear TransFerR BETWEEN STEAM INSIDE SINGLE 
Hor1zONTAL TUBES AND O1L IN ANNULAR SPACE OUTSIDE 


Series G comprises the measurements in the heater, while 
Series F was being made in the cooler in Fig. 12. Only a portion 
of the tubes was used in Series G, but both sizes of annuli, 2.073 
and 1.583 in., were included. The data and calculated coefficients 
are given in Tables 7 and 8. The complexity of the factors in 
the over-all coefficients forbids analysis on the basis of individual 
films. However, the data may be used as a guide for similar con- 
ditions of heat transfer. 
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TABLE 7 DATA ON FINNED TUBES; OIL OUTSIDE, STEAM 


TUBE) O/L TEMPERATURE | STEAM DATA LN Oil HEAT TRANSFERRED COEFFICIENT 
NO. JiNLET JOUTLET| AT | PRESSURE | TEMP. |CONDENSED| MEAN | VELOCITY BTU / HR BTU PER HR PER °F 
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° Discussion 


C. M. Asuuny.’ This paper is of considerable interest, particu- 
larly from the standpoint of presenting a correlation of the re- 
sults of tests on a number of different sizes of finned tubes. There 
are two specific points which the writer would like to mention: 

1 In Fig. 8 of the paper it is believed that the discrepancy in 
the results of tests at low air velocities can readily be accounted 
for by the fact that these are in the streamline-flow region which, 
according to our experience, begins somewhere near 600 fpm maxi- 
mum velocity. 

2 It is presumed that the apparatus sketches shown as Figs. 
2 and 7 are schematic in character. 

It has been our experience ‘that great care is necessary to ob- 
tain superheated steam, uniformity of inlet temperature and 
velocity, and outlet temperature, and also adequate accuracy in 
the measurement of air quantity. The apparatus as shown in 
these two figures is scarcely calculated to accomplish these de- 
sired results. It would be interesting to learn from the author 
what provisions were made to assure uniformity and accurate 
measurement. 

Another point relative to the test procedure, on which infor- 
mation might be of interest, is the method of shielding the ther- 
mometers from the radiant heat. 


8 Director of Development, Carrier Corporation, Syracuse, N. Y. 
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TABLE 8 DATA ON FINNED TUBES; OIL OUTSIDE, STEAM 


INSIDE 
TuBe | Ol TEMPERATURE STEAM DATA LN Oil HEAT TRANSFERRED | COEFFICIENT 
NO. | INLETJOUTLET| ST [PRESSURE |TEMP |CONDENSED| MEAN | VELOCITY 3TU / HR BTU PER HR PER OF 
“c ifs *c PSIA °F LBS. /HR| OT °F | LBS./MIN.| STEAM oll PER SOFT| PER FT 
qo tT - + 
7 8048 | 82.49 | /.6/ 4627 | 273) 153 | 100.2 B54 Bb) 7710 | | 272 
7398 | 8/ 90 | 1.92 54.27 | 2865 1090 | 08,3 ut 0 63/0 70 | 215 
7685 | 8/.l2 229 60.b/ 239352 968 wey 436 Selo it B50 ed 
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8/83 | 8795 | bie 22.85 | 2350} 2/20 500 482 16500 | {7800 | 168 ws 
7S84 | 8742 878 13.60 231.6 lo 78 494 | 263 | 13000 1 3100 3 cred 
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29 | 8175 | #6 16m | 2240 1825 433 2/2 15600 {4600 | 
80)7 | 67% | 779 2540 | 2407 4025 Se 77.0 33200 35.300 
7939 | 8807 | 8.08 2475 | 2395 3S 559 os 3/100 3/900 
7850 | 8791 | 941 228s | 2350 50.40 $29 | 460 24300 26110 
Mur | 8621 | 54 | 2/60 | 2320| 2340 | 507 | 250 16200 19400 
13 | 8577 | 6700 | 183 | 2) 9 | 2330 a Ne 842 6660 7690 
8567 | 8797 | 270 2447 | 2391) 10.87 Hb 445 76/0 7340 
ess+ | agi! | 257 2475 | 2393 9.92 503.) 442 6510 4450 
aago | 872 | 392 | 2647 | 2433 99) Stir 245 5400 | 6400. 
15 | 8289 | 6817 | 526 2939 | esses) 29.7 23 840 24900 25100 
8241 | 880) $.22 2729 2450 es54 $97 640 2/300 21100 
6/05 | 8618 713 eu 47 2453 22.25 | $32 450 18/00 18 100 
| 86 j9 | 878 3.62 e499 2400 17st | 582 tS 13500 | 13.800 
| 826 | 678 | se4| 2939 | 289] 2940 | 039 | eee | 20200 2480 
812? | 8778 | asi 2957 | 29 2775 640 648 23700 2340 
| 80.06 | 87.97 291 | 2905 | 2484] 2535 44S 19200 21000 
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63/9 | 6628 | 509 | 2045 | 2F33 2055 56.4 840 24000 24K 
81% | 8740 | 5B¢ e5t/ | 2402 250 S58 6$a 21300 22200 
| 905? | 5777 720) 2683 | 2430 2355 | 591 460 18200 139.40 
| % 84 | 87% | 10 25.8/ | 2450 2010 | 62s 238 14700 14200 
6/37 | ea on 3455 | 2583 33.45 | 732 64.0 29/00 29400 
5078 | 8779 7.0f 332/ | 2502 1S 725 FO 25400 25400 
| 988 | 8826 | 838 3125 | 2526] 2705 | 689 440 20700 22.0 
ee 7573 | 87.60 | 1.92 3009 | 2506| 2040 10 238 15700 16 500 
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8¢50 | 8790| 340 (S52 | 214.5 16.40 27 # 420 12600 12780 
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C. T. Paucs.’ The writer can now comment from a disinter- 
ested standpoint but, at the time of the original development. otf 
this integral-finned tubing, he personally devised the tools and 
method of manufacture which made the high-fin type possible 
and practical to produce and was granted four of the patents on it. 

In the section of the paper, designated as “Series D,”’ the au- 
thors state, ‘the water coefficient was greater than that predicted 
by... .equation recommended... .’’ and, ‘“This increase is caused 
by corrugations on the inside diameter which were made during 
the processing of the tube.”” The writer wishes to point out that 
the condition stated is by no means accidental and that the feature 
of wall corrugation was incorporated for two very good reasons, 
one being to produce turbulent flow inside the tube and thus ac- 
complish increased heat transfer as here reported, and the other 
being a feature outside the scope of the paper which permits this 
finned tube to be bent, by simple means, on a comparatively short 
radius Without removing the fins or weakening the tube. 

This product is inherently comparatively costly to produce, but 
it has distinct valuable qualities peculiar to its being of integral 
metal, and hence warrants consideration on many severe applica- 
tions where its characteristics are of distinct value. . 


R. G. VANDERWEIL.! Several film coefficients are mentioned 
in the paper. Working with heat-transfer problems, the writer 
has found that the task of finding correct film coefficients in litera- 
ture is most annoying and in most cases results in highly ques- 
tionable data. Have the authors had an opportunity to check the 


® Utilities Consultant, U.S. Industrial Chemicals, Inc., Baltimore, 
Md. Fellow, A.S.M.E. 

10 Office of Consulting Engineer, Chase Brass & Copper Company, 
Waterbury, Conn. 
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relations between temperature of fluids, velocity of fluids, vis- 
cosity of fluids, etc., and the film coefficient, in the course of 
their tests? 


AuTHORS’ CLOSURE 


The authors appreciate the comments by Messrs. Ashley, 
Paugh, and Vanderweil. 

Mr. Ashley states that his experience shows that the high co- 
efficient noted at low air velocities in Fig. 8 may be “‘accounted for 
by the fact that these are in streamline flow.’’ At 600 fpm the 
Reynolds number is approximately 3300, a value normally con- 
sidered to be in the critical region between viscous and turbulent 
flow. However, because of the doubt as to the proper value of 
D to use in calculating the Reynolds number for banks of finned 
tubes and because other independent data available to the 
authors showed a straight line for the data down to a velocity 
of 380 fpm, we were reluctant to interpret the data below 600 
fpm as being in the viscous region. It is quite possible that the 
data are in the transition region between viscous and turbulent 
flow at velocities of 300 to 500 fpm. 

In regard to Mr. Ashley’s second point, steam was always 
taken from a line at 125 psi gage and throttled directly to the 
unit. Since many of the tests were run at low pressures such as 
5, 25, and 50 lb per sq in. gage it was felt that this throttling 
gave adequate assurance of dry steam entering the unit at least 
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for the lower pressures. Concerning the uniformity of air ve- 
locities and the accuracy of the temperature measurements, vanes 
were present as shown in the sketches of this paper but which 
were not present on the preprint. Pitot-tube traverses made of 
the air stream leaving the unit were used to check the general 
accuracy of the heat balance. The thermometer was placed in 
several positions before selecting the one used. The outlet ther- 
mometer was always shielded to avoid errors due to radiation. 
The inlet thermometer was not shielded in the tests reported in 
the paper but a correction was made based on similar tests with 
and without a shielded inlet thermometer. 

Mr. Vanderweil asked about film coefficients. In the case of 
heating air with steam in series A and B, the steam film resist- 
ance is so low that the over-all coefficient is substantially equal 
to the air film coefficient. In such cases the over-all coefficient 
is used directly for design purposes without investigating the de- 
tail of the film coefficient. In other cases such as series H and F 
an understanding of the data requires that the over-all coefficient 
be broken down into the film coefficient for the two sides of the 
heat-transfer surface. It may be possible to vary these film co- 
efficients independently and so no general correlation is available 
for over-all coefficients but only for the film coefficients. The 
viscosity, velocity, and density of the flowing fluids were corre- 
lated with the film coefficient for the cases of oil and water in 
series # and F. 
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"Hes tiiranstenvandabressureWoseuneSmall 
Commercial Shell-and-Finned-Tube 
Heat Exchangers 


By R. M. ARMSTRONG,! DOWNINGTOWN, PA. 


Preliminary results are submitted covering heat transfer 
and pressure loss for fluids flowing through the shells of 
small shell and finned-tube heat exchangers in crossflow. 
These results are compared to the calculated performance 
of similar exchangers with bare tubes, and the compari- 
sons noted. It is brought out that this type of exchanger 
can now be applied to duties where finned tubes heretofore 
have not been used, namely, where over-all heat-transfer 
rates for bare-tube service would be from about 25 to 250 
Btu/(hr)(sq ft)(deg F). It is also pointed out that this 
type unit is not suitable for many services. Actual field 
experiences are related. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


A, = cross-sectional area for flow across tubes, sq ft 
c = specific heat of fluid at constant pressure and average 
temperature 
D, = inside diameter of shell, ft 
d, = outside diameter of tube, ft 


= MTD correction factor for pass, from TEMA Standards 
(p. 20) 

= mass velocity through shell, lb/(hr)(sq ft) 

heat-transfer rate through metal wall of tube, Btu/(hr) 

(sq ft) (deg F) 

film heat-transfer rate on shell side, Btu/(hr) (sq ft) (deg 

F) 

scale heat-transfer rate on shell side, Btu/(hr)(sq ft) 

(deg F) 

film heat-transfer rate on tube side, Btu/(hr)(sq ft) 

(deg F) 

scale heat-transfer rate on tube side, Btu/(hr)(sq ft) 


(deg F) 
ae 
eG, k 


pass correction factor, from THMA Standards, p. 20 

= thermal conductivity of fluid at average temperature, 
Btu/(hr)(sq ft) (deg F'/ft) 

= number of tubes in shell of heat exchanger 

= pass correction factor, from TEMA Standards (p. 20) 

= baffle spacing, ft 

over-all heat-transfer rate, Btu/(hr) (sq ft) (deg F) 

= pounds fluid flowing through shell per hour 

= viscosity of fluid at average temperature, lb/(hr) (ft) 

= viscosity of fluid at wall temperature, lb/(hr) (ft 


dimensionless number ( 


Fridays 
ll 


INTRODUCTION 
Several years ago a new type of finned tube, extruded from the 


1 Downingtown Iron Works, Inc. 

Contributed by the Heat Transfer Divison and presented at the 
Annual Meeting, New York, N. Y., Nov. 27-Dec. 1, 1944, of Tur 
AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


base metal itself and with low ratio of outside to inside surface, 
became available for use in heat exchangers. It was decided to 
consider the application of this tube to shell-and-tube exchangers 
for crossflow and liquid-to-liquid service, since the compact 
nature of the tube made it possible to get about 3 times as much 
outside surface with the finned tube as with a bare tube, in a given 
shell diameter. No published data were available for heat trans- 
fer to baffled banks of finned tubes and experiments were begun 
to obtain such data. 

Some advantages and disadvantages were rather obvious from 
the examination of the tube, details of which are shown in Figs. 1 
and 2. These are as follows: 


Advantages: 


(a) Low ratio of outside to inside surface, about 3.5 to 1. 
Most previous finned tubes for similar service had run from 7 or 
10 to 1. The low ratio makes possible the use of the tube for 
higher film heat-transfer rates. 

(b) Low metal resistance, due to very low fin height, absence 
of any metal-to-metal bond. The calculated metal-wall resist- 
ance for this type tube runs about 0.0004 for admiralty metal, 
compared to as much as 0.015 for steel, and 0.006 for admiralty 
in high-ratio tubes with a bond. 

(c) Mechanically the tube is stable and due to low outside 
diameter gives a large amount of surface per unit of volume. 
The tube is so built that it can be withdrawn from a bundle and 
otherwise handled the same as a bare tube. 

Disadvantages: 

(a) The most obvious and immediate disadvantage is the 
danger of fouling of the space between the fins, greatly reducing 
the outside area in contact with the fluid. 

(b) The fins are thin and subject to attack by corrosion if the 
fluid and metal used are not entirely suited to each other. Fortu- 
nately, several metal choices are available. 

(c) Many services are not suitable for finned-tube work under 
any circumstances, particularly high-efficiency operations like 
steam condensing where the compensating effect of finned surface 
is not needed and therefore is an unnecessary expense. 

One of the questions which immediately arises from a heat- 
transfer and pressure-loss standpoint is whether or not the finned 
surface gives results qualitatively the same as a bare tube, if 
coefficients are based on the outside finned area, as they are in 
this paper. Experiments on this score are still continuing and 
this paper reports only a small portion of the work done to date, 
but the following statements can be made at this time, and some 
preliminary data are shown to bear out the statements: 

1 The shell-side heat-transfer film coefficient, based on the 
outside finned area, is at the very least equal to the rate which 
would be obtained at a like Reynolds number with bare tube, at a 
Reynolds number of 300 or higher, using the nomenclature and 
units given in this paper. Tig. 5 shows experimental results 
from a set of tests on 8.5-centipose oil. At Reynolds numbers 
materially above 300 the experimental results are seen to be ma- 
terially higher than those predicted by bare-tube data. 
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2 The crossflow friction is undoubtedly greater for the finned 
tube than for a bare tube. Determination of the friction loss for 
finned-tube bundles has been run on a research project con- 
currently with bare-tube bundles. While finned tubes show 
greater losses, other features of bundle design are vastly more 
important in determining the over-all pressure loss, so that the 
effect of the finned surface alone does not represent more than a 
small percentage of the total. 


Trst PROCEDURE 


The heat-transfer data shown in Fig. 5 were developed in 
tests on a 5-in-shell-size unit with 6-ft-long finned tubes. 
This is a full-size standardized unit developed for finned-tube 
work. The tests reported here were run with an oil in the shell 
of about 8.5 centipoises average viscosity at the test conditions. 
The test unit is shown in Fig. 3. Baffle height was 3.68 in. 

The oil was pumped in a closed circuit, Fig. 4, through the 
exchanger and into a reservoir where it was heated. The water 
for cooling came in from the supply main and was discharged to 
the sewer after passing through the tubes. 

The quantities of oil and water were measured by calibrated 
orifices to which were attached 36-in. mereury manometers. The 
temperatures were measured at the points marked 7’ in Fig. 4 
by the use of 1/,; deg F thermometers with 15-in. scales. The 
pressure loss of oil flowing through the shell was measured using a 


36-in. mercury manometer with taps in the shell nozzles, as shown 
in Fig. 4. 

Unfortunately, it was found that the capacity of the system 
was considerably greater than had been anticipated, and as a 
result the water velocity going through the tubes was neces- 
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sarily slow as the water temperature was low and there was no 
available means of heating the water at that time. 

The over-all heat-transfer rate was calculated from the test 
results, based on total outside finned surface. The individual 
film rates were calculated from the curves given by the TEMA 
Standards (page 42). Then the metal-wall resistance and the 
water-film resistance were subtracted from the over-all meas- 
ured resistance, and the remainder was taken as the oil-side 
resistance. This method is somewhat conservative in one 
respect as it makes no allowance whatsoever for fouling, and 
the tests took up a sufficient period of time so that it is likely 
some fouling actually did occur. The method of figuring 
water-film resistance by the TEMA curves, however, we feel to 
be conservative on the other side, as we found a number of tests, 
not reported here, where the calculated water-film resistance 
alone was greater than the over-all resistance as measured. 
These were mostly at very low water-flow rates. 

In several instances we have noted that when cooling a fluid 
with water in the tubes at low velocity, obviously higher results 
are obtained than would be predicted by TH MA curves (page 42). 
Some of this is undoubtedly due to natural convection, as sug- 
gested by Dr. A. C. Mueller, and could perhaps be evaluated 
However, from an entirely 
practical viewpoint there are also other factors, notably possi- 
bility of fouling, which would counteract this factor somewhat 
for the purposes for which these tests were made. 

The agreement of the heat balances was quite good throughout 
and since in all but two or three cases the water heat balance was 
the lower and in general considered the more reliable, it was used 
as a basis of figuring. 


DISCUSSION OF RESULTS OF TESTS 


The results shown in Fig. 5, as plotted with —— versus J are 
a 


based on a diameter of tube taken on a weighted basis referred to 
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the outside area of fin across which the flow occurs. The outside 
diameter of the ffm is 0.742 in., and the diameter at the base of the 
fin 0.638 in. The weighted outside diameter works out to be 
0.656 in., or somewhat below the mean of outside diameter and 
inside diameter. 

The area for flow on which G is based is determined by the 
formula 


2“The Effect of Free Convection on Viscous Heat Transfer in 
Horizontal Tubes,” by D. Q. Kern and D. F. Othmer, Trans. of 
American Institute of Chemical Engineers, vol. 39, 1943, pp. 517-555. 
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This is a modified form of the equation suggested by Bowman,’ 
and the main difference is that the so-called leakage factor is 
eliminated. These data have been plotted both with and without 
the leakage factor and just as good agreement is obtained with- 
out the factor as with it. Since the area is much simpler to 
handle without the factor the modified form is used. 

It will be seen that the data fall well underneath the “Colburn 
curve’’ reported in Bowman’s paper, but they fall partly above 
and partly below a conservative line drawn through the lower 
area of experimental points on Bowman’s plot. 

Considerable plotting of experimental points on a plot of this 
type for both bare- and finned-tube data, using the modified 
form of G, will show that the line given falls in the lower area of 
the majority of points and for this reason the author considers 
it a fair comparison against which to consider the finned-tube 
data reported herewith. 

Evidence is shown that in the small shell unit with finned tub- 
ing, the flow is not entirely the same as in a larger unit. The 
shell-side fluid does not have time to straighten out into pure 
crossflow before it is again broken into eddy currents and turbu- 
lence. Asa result, we should expect the performance of the unit 
tested to be better than the performance of the same tube in a 
larger shell where the crossflow distance is materially larger. 
The relatively low performance at low Reynolds numbers indi- 
cates that basically the finned tube does not exert a 100 per cent 
quality of surface efficiency when compared to bare tube in pure 
crossflow. The lesser slope of the curve we feel indicates that 
when the flow is reversed at frequent intervals and a good deal 
of the flow is quite turbulent in nature, the performance is 
greater than would be predicted by normal bare-tube yating 
methods. 

Field experience with this type of unit has indicated that if 
the flow conditions are such that the Reynolds number always 
exceeds 300 on the shell side, calculated as indicated here, 
the performance of the exchanger can be conservatively cal- 
culated by holding to the bare-tube performance as shown on the 
curve. 

As further indication of field performance, in the Appendix are 
data and calculations resulting from a spot check on the perform- 
ance of a 16-in-shell-diam by 8-ft-tube-length compressed-air 
aftercooler which had been in operation about 6 months at the 
time of test. Unfortunately, this test was run with an extremely 
low water velocity in the tubes, only 0.287 fps. 
below the design conditions and resulted in a very low over-all 
heat-transfer coefficient. However, the actual observed rate of 
15 Btu/(hr)(sq ft)(deg F) was slightly below the calculated per- 
formance for a bare °/s-in-OD, 18-gage, copper tube under the 
identical conditions, namely, 16.4 Btu/(hr)(sq ft)(deg F), and we 
should point out that in calculating the MTD, which is almost 
off the scale on the correction curves, the highest possible value 
was taken. As this was on the flat part of the curve, it could 
easily be as much as 25 per cent on the conservative side. This 
amount would be reflected by an increased actual rate on the test 
unit, and in this case the actual rate would be greater than the 
calculated rate for the bare tube. 

To give an idea of how this works out in practice Example 1 is 
given in which the film coefficients are the same on the bare tube 


G, = 


This was far 


3 “Investigation of Heat Transfer Rates on the External Surface of 
Baffled Tube Banks,”’ by R. A. Bowman, A.S.M.E., Miscellaneous 
Papers, 1934. 
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EXAMPLE 1 EFFECT OF RATIO OF OUTSIDE TO INSIDE AREAS 
OF TUBES 


Basic Data 


Bare tubes Finned tubes 
Size 5/s-in. X 18-gage #/4-in. nominal, 16 fins 

admiralty per in., admiralty 
Ratio outside to inside surface....... 1.19 3.5 
Shell-side-film rate.............2.55 50 50 
Tube-side-film rate................ 400 400 
Pouling, both sidesaumaniycaseareerae 1000 1000 

CALCULATION OF Hrat-TRANSFER RATE 

Resistance, shell film............... 0.02000 0.02000 
Resistance, shell fouling. . 0.00100 0.00100 
Metal-wall resistance.... 0.00002 0.00040 
Resistance, tube fouling. OOO TLS 0.00350 
Resistance, tube film............... 0.00298 0.00875 
Total résistance. ss) ..chie «eee a> een 0.02519 0.03365 
Over-all heat-transfer rate.......... 39.7 29.7 


as on the finned tube, showing the effect of the ratio of outside to 
inside areas. 

While the bare-tube coefficient is 1/; greater than that of the 
finned tube, the amount of surface on the finned tube is roughly 3 
times as great, resulting in a net gain of volume inside the ex- 
changer of about 2 to 1. Asan example, in the case cited, if the 
same size shell is used then the length of the finned-tube unit 
will be roughly one half the length of the bare-tube unit. If the 
baffle pitch must be substantially the same on both, then the 
pressure loss in the finned unit, while somewhat higher per 
baffle, will likely be less over-all since fewer baffles would be 
required. 

The finned unit works out most advantageously when the in- 
side coefficient is fairly high, and at least 2 or 3 times as great as 
the outside coefficient. 


COMPARISON OF RESULTS IN PRACTICE 


To gain some impression of how the heat-transfer rates compare 
in practice, refer to Fig. 6 which shows a plot of test results on 


° . HEAT TRANSFER 8. CP OL 
aq if 
Pa 
NaS 
YS) 
y 
KR) 
as Q 
S 
~ 
nT 
S 
10 


70,000 700000 4000000 
VASE VELOCITY IW SHELL £B.//2 {SQ.FT 


Fic. 6 Comparison or O1L-Finm Heat-TRANSFER Rates, BARE 
Versus FINNED TUBES 


(Curve 1: Calculated rate for 5/s-in-OD bare tube in conventional shell- 
and-tube exchanger. 
Curve 2: Test results for 5-in. shell unit 19 finned tubes, 51/2-in. baffle 


spacing; effective tube length 6 ft; baffle height 3.68 in.) 


the 5-in. exchanger against calculated bare-tube results for the 
same conditions. This shows that at relatively low flow rates 
the finned tube has a lower shell-side heat-transfer rate, while 
when the flow exceeds what is about 1 fps, the rate catches the 
bare tube and begins to pull away. From a practical viewpoint 
it is desirable to have at least a velocity of 1 fps to keep the 
surface swept clean and also to get a high enough film factor so 
that the unit as a whole is economical. We feel therefore that 
the policy of rating the finned-tube unit with an outside film 
coefficient equal to that used for the bare tube, with velocities 
of at least 1 fps, is conservative and so it has worked out in 
practice. 
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(Curve 1: 5-in. X 6-ft unit, 55/s-in. baffle pitch; baffle height 3.68 in. 

Curve’2: 5-in. X 10-ft. unit, 3-in. baffle ake. baffle height 3.68 in. 

Curve®3: 5-in. X 8-ft unit, 8-in. baffle pitch, with reduced segment cut; 
baffle height 3.25 in.) 
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angular pitch, l-in. baffle pitch; baffle height, 7.25 in} 
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Pressures Loss In SHELL SIDE 


To pass on to the subject of pressure loss in the shell side, we 
report here the results of a series of tests on small heat exchangers 
with both finned and bare tubes. We can say that the results of 
these tests on small units agree rather well with a much more 
extensive set of tests on units of larger size and widely varying 
description as to tube size, pitch, baffle spacing, ete. 

At the outset we can state briefly that it seems rather obvious 
that one of the main factors in determining the pressure loss of a 
fluid through a baffled shell is the relation of the actual flow 
area to the by-pass or clearance area. The clearance area is the 
summation of cracks between tube and baffle and between the 
baffle and the shell. On close baffle pitches with normal toler- 
ances, as recommended by the TEMA and the WPB, the amount 
of crack area may easily almost equal the normal flow area. In 
such cases our tests have shown that the pressure loss calculated 
without regard to by-pass area may be as much as 800 per cent 
high when the equipment is new and the effect of fouling has not 
come into play. There are several methods now in use to com- 
pensate for the effect of this by-pass area. None of these 
methods, however, can be any more accurate than the shop 
tolerances and in general we find, variations from one exchanger 
to another are enough to upset seriously any exact method of 
compensating for by-pass area. Also we can state definitely that 
the relation of the baffle (segment-cut) flow to crossflow may 
have a serious effect on the over-all friction loss. This effect is 
so much greater than the surface effect of the finned tube that 
while the finned tube does have a greater friction loss, it is only 
a small part of the over-all drop in most cases. The shell 
inside diameter of the experimental unit was 5.047 in., baffle 
outside diameter was exactly 5 in., and baffle holes were *9/¢ 
in. 

The tests, Figs, 7, 8, 9, 10, 11, show actual pressure-loss 
measurements taken with water and with oil flowing through the 
shells of the heat exchangers tested. The manometer taps were 
located in the nozzles of the exchangers tested at an average 
distance of about 3 in. from the shell. 

The effect of baffle height is clearly shown in Fig. 7. On curves 
1 and 3 the number of baffles in the shell was almost the same, 
namely, 1land 12. The tube length was 2 ft greater on 3 than 
on 1, or 33 per cent. Yet, by merely cutting the baffle height 
from 3.68 in. to 3.25 in. the friction loss was reduced in the face 
of the greater length. We cannot account for the slight variation 
in slope, although we do find from time to time that there will be 
some such minor differences in test results. 

The effect of viscosity on pressure loss is indicated in Figs. 8 
and 9, first showing that the lines, while at slightly different slope 
with higher viscosities, in general follow the same pattern. Fig. 9 
shows the effect of viscosity taken at one flow rate. The test 
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points are in remarkably close agreement and we feel that the Shee w Ip ie 
x Fi 4 y CoS OT ANAMMANNAMMOO™ 
effect of viscosity on the particular exchanger tested is definitely Py cheresesaen Ser 
greater than the effect on a larger unit of bare-tube design. The Es a) a aa 4 
segment flow of oil passing along the tube perpendicular to the n 
. . . = 
fins, introduces a considerable drag that would not be found in a bare ee = 
A onan e $ F Bose + LONANDHNOOOORED 
bare-tube unit and it is possible that this effect increases with the , eaegs - HAAN Ht HoOOO 
iscosity. 6» gatas em SOCQ OO Sele SS 
var aby ' : a BEES eo G 3 SSoScSeSescosscooSS 
Figs. 10 and 11 are given to show the trend in pressure-loss S fare 9 Sis 
2 . . . . . = = 
measurements on 8-in. and 10-in. units and to indicate that in 2 = 2 
3 Laiae holy os S f 
general the same slope applies. The results shown were all ton a42 
i o On A es 
taken on new and clean units. Re Hees 8 ZeCSSSSs esses 
e 4 3 ye 7 : aa Ea eh pS NMS US STFS BONERS ey 
From a practical standpoint we can state that finned-type Dak mE a5 246 
shell-and-tube heat exchangers of this type have been in commer- Soe. tous. = 
cial use for the following purposes: PAE oa aie 
a or the following purpose Bie tae ZOD MMCRSTOONN+H9 
, A Peren tae iS: u eS u 3 a : S 
Cooling quench oil. a mm? we seas BOR AAR AA Rear esca03 
. . . . . . . * Is ‘@) mH 
Cooling lubricating oil on Diesel engines. Zao eee e 
. . . 3 . rf S 
Cooling circulating oil on hydraulic presses. & eas be cS £ Pale) 
3 = ONS) Swiss Qe EAE A eS 
Cooling of air and compressed gases. pp: 3 or SQSSSSSIISASBS 
Cooling and condensation of organic vapors. mB hm i, S AG 
. * © ures 
Condensation and subcooling of propane. x BE 13 2 hive 
i . 2 ecole ar aed oox = 
Vaporization of organic solvents. - 28a § ¢s< SSSSSSSSSSs3ss : 
es ; ; 5 Z Seas 3 DES SHBIMHSORGBOHHOO e 
Cooling of jacket water on Diesel engines. a Reeds 2a BRR ERANS ORES Se : 
wD Heya o aoe ANA eS Ree aR RANT 
To date, the performance of the finned tube in the services Boon a eS : 
i 
listed h: satisfact , i i i Bege & th F 
d has been satisfactory when designed in accordance with the Assam s 425 cosssossseoss9 
recommended procedure mentioned before. ea) Bare = ays SSSRSSSZASBSSS | 
a : Q sp RMA SSRMOTT 2 
As an example of field conditions, a metal-quench-bath oil = Syren S Pes eA ; 
cooler which had been in operation about 6 months on a con- A men 
tinuous system, with oil temperatures varying from 50 F to 200 F, A . 
was taken apart and cleaned. Sludge had formed between the Z a or wah a, ea | 
. . ae i-\() 1D OD OD LD SH vt 
fins on the major portion of the bundle, but the edges of the fins ee f SES RASA ARS AANABAN . 
q eA: f < 
were quite visible. On the baffles and tie rods the sludge had B A | 
bridged over completely, indicating that the finned surface does = 5 * 
5 ms & ), > , 
not offer a firm footing for the sludge. The oil was about 0.9 ° 4 es.cm See NEY ete ' 
é : A Ba > of NASRASS 4 
specific gravity and 100 SSU at 100 F. The fouled performance 2 PA al SY Rape mn gg 
% < i 
was about 33 per cent of clean performance. The bundle was a x 
removed, sludge cleaned off by pouring solvent over the bundle, se & 
. 4 n Ha 
then a water hose stream removed most of the foreign material. 7 s ¢ 5.5% eee wee Ee 
. . . PY 3S ea 
The bundle was blown clean with compressed air and reinstalled, z 08 “28 Ga Fe ae home ee Om aED CO oo te ae 
. . . ‘i ane 
all in a period of approximately 2 hr. When reconnected the 5 BuShoo zs 
A e 
cooler gave approximately new performance. | “ec ghee o 
. 2 ‘ A = 5 eos mM "iale gating” H+ 
Quenching-oil duty is relatively dirty and, in our opinion, about o See ers = ae ae acess 
t 7 5 ; 5 r v se q Q fon) PUD AQ 02 
as dirty an application as should be considered for this type of Bl eee ee ak eee 
finned surface. BS i BN 3 
a he les 
ay ot eee 7a 
CoNncLUSION A Beenie Bela, isi | iotcos) te colo! 
Z Be Te S Sian Ot OS OF Ae 
The availability of a new low-ratio (3.5 to 1) finned tube of = Di ae 2aes eS Gees wa ata ee 
extruded manufacture opens a new field of application for liquid- Et) Be a aoe ria 
ane va : Sli" uae 
to-liquid heat transfer for finned tubing. ac ee 
Walle . : . 5 7 ic t ea Be fics he as ~~ OO 1 OD AD HOH i 
Preliminary experimental results indicate that the surface is ‘ = ie ee aed I ee ; pee Yes 
a ae ® EAS Ss Sl = 
active at all points and that the heat-transfer rate from the a og: Poh Whe AR aR Pasi yp 
; : oe 4 ee aa 
fluid to the outside of the finned tube is in general somewhat Q - (SS cm 
= pe MCLE 
better than that to the bare tube. It is felt that a conserva- eS 2 oms Ba 
ive we He ice Sai Se Siioee Fie AEA ON See ae 
tive practice is to base designs on film-heat-transfer rates used es a3 255 = aE BO AS QUES wh 241 90.08 06 Gs 19 68 BS 
for bare tubes for like service, using a minimum Reynolds num- io bass & Go GaSe sess 
ber of 300 Sed se 
5 ! ae Sa Sea 
The resistance to pressure loss is somewhat greater than the Se = 7 bp Ba 
: é 3 5) & o Koo st © 
corresponding loss to a bare-tube bundle of the same dimensions, oe gene ee KRODNatNosantoa 
: : - SaeoASo EL oORONRORKRER OOOOH 
but other factors of design are very much more important in de- EEG © 2.8 oe srr yi oe eee 
termining the pressure loss in a given unit. ReLSax 
: ; : : BEORSO 
Commercial heat exchangers incorporating finned tubes of the A o as 
we Fan 5 é = WOOnRNCODMNHH © 
type described, are in service on several types of duty. Field ex- g 2 ET e OVO OOO OIA 
perience with these has been satisfactory. Based tN nae oars 
. . . . . ia 
It is recommended that in the interest of furthering the appli- 
cation , s toi ig at t = 3 >a 
of finned tubes to industrial heat transfer, extreme care = E52 SoS8SS tT Fonduce 
be applied in choosing the type to be used. Finned tubes of SES AMAA Ho 
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low ratio and close fin spacing should not be used where the foul- 
ing is severe, or where thé fluid is definitely corrosive to the tube 
metal available. There are a number of applications where the 
finned tube is not mathematically desirable, principally where 
the film rate on the finned side is equal to or greater than the film 
rate on the plain side. : 


Appendix 


Tables 1, 2, and 3 make up the Appendix. 


TABLE 2 CALCULATIONS FOR HEAT-TRANSFER CURVE, 


DG: versus (52) 
u cG's]\k 


Basic Data 


c = specific heat, taken at 0.49 (from TEMA Standards) 
D = tube diameter 0.0547 ft 
Gs: = shell-side mass velocity, lb/(hr) (sqft). Leakage factor omitted 
k = thermal conductivity, taken at 0.074 Btu/(hr) (sq ft) (deg F/ft) (from 
TEMA Standards) 
yu = viscosity at average body temperature, lb/(hr) (ft) 
TABULATED Data 
aes (V/s hs 
6] B BL k hs cGs J 
157200 18.4 468 24.5 71.95 0.000932 0.0228 
194000 19.85 535 25.8 77.5 0.000815 0.0210 
90500 19.6 253 25.6 33.1 0.000748 0.0192 
83500 20.5 223 26.5 31.3 0.000765 0.0203 
83500 21.2 216 27.1 29.35 0.000716 0.0194 
78600 20.1 214 26.1 29.20 0.000758 0.0198 
77500 20.7 205 26.6 28.25 0.000745 0.0198 
77500 20.9 203 26.7 26.50 0.000698 0.01865 
140000 20.2 379 26.2 52.1 0.000760 0.01990 
145500 20.3 393 26.25 55.30 0.000775 0.0204 
142800 22.4 348 2 51.3 0.000735 0.0206 
242300 20.1 660 26.1 100.0 0.000838 0.0219 
248000 21.0 645 26.8 98.0 0.000806 0.0216 
248000 24.6 551 29.8 87.7 0.000723 0.0216 
2 
J = dimensionless number (=)(*) ia 
cGs k 


TABLE 3 PERFORMANCE DATA AND CALCULATIONS FOR 16- 
IN-SHELL_X_ 8-FT-TUBE-LENGTH FINNED-TUBE AIR AFTER- 
COOLER; AIR IN SHELL, WATER IN TUBES 


Basic Data 


heemnber:of bess. ye 5/2) 0ee ates hv sad << 154 
Length of tubes, ft.. 8 

Outside surface, sq ft 616 
ESISIM EG BUTLACE BL Lbs aati oso ols rao ser ay Rae Sretene ane ale ocd 176 


Air-single pass 
Water-two pass 
SAM OMDIeG Heat ena te aie relia ches acheter eran ee, b auone 10 


Arann somone eee tee ve A ee ee. 


Area for crossflow over tubes, sq ft.................. 0.443 
DV ater QUANINiVe DIN. 22.5.3 ole oa cierew deo chee en 15.0 
Water temperature: 

PUM LOTIN GH MOGs Bitte oie a enters: ic oa ee haveicevaeyacrh even cyt oe 40, 
(Rearing AACPAR ence Me ct ei toca clahieet ance |e 
myemantty. ipiper Rein. 2655. t hoa pln he oe :. 9000 

Air temperature: 
WINSOME ACE Magen te net | SES wa. em ear mele 8 210 
PORTING 1 OS Honncig ae wy k Sumi cel yoke eton la tnaianasters 64 
CALCULATIONS : 
Greater temperature difference Lesser temperature difference 
210 64 
82 40 
128 24 


ET OCOC Vid Sy ar eta ical, shaa07 ie eget ote Sictinietsiaie omrtates odie eels ares 62 deg F 
To correct MTD refer to pass-correction plot (TEMA Standards, p. 20) 


= 42 

K= 170 = 0.247 
146 

R= go" 3.47 


>. 


F is on flat of curve. The most conservative estimate gives F as a maximum 
value of 0.55 
Corrected MTD = 62 X 0.55 = 34.1 deg F 
Heat load = 15 X 500 X 42 = 315,000 Btu per br 4 
315,000 


5 Se 5 h t) (deg F 
Heat-transfer rate 34.1% 616 15.0 Btu/(hr) (sq ft) (deg F) 
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Discussion 


R. G. VANDERWEIL.‘ It seems quite encouraging that this 
paper gives the designing engineer a chance to compare test data 
with actual data taken on commercial heat-transfer equipment. 
As to the use of finned and unfinned surfaces, the writer would 
like to complement the author’s statements with the following: 

It seems that the only criterion not only in selecting between 
finned or unfinned tubes, but also in selecting the fin spacing, 
thickness, and the width of the fin, is the ratio of the two film 
coefficients f;/fo. 

In this connection, the writer would like to know if tests have 
been carried out with one fin arrangement only, or by any chance 
a second set of tubes with fins of less thickness and pitch but of 
the same width has been tested? Finally, it would be interesting 
to know how the over-all heat output of exchangers compares if 
shells of the same over-all dimensions are used and provided with 
prime surface in one case and with finned tubes in another. 


AUTHOR’s CLOSURE 


It should be emphasized that the tests were made on equip- 
ment of commercial scale and may not entirely agree with tests 
on single tubes or tests made under conditions which might be 
different from commercial practice. 

It is suggested by Mr. London that there may be a break in 
the curve in Fig. 5 resulting in a change of slope, at the point 
where there may be a change-over from viscous flow to turbulent 
flow. The available data are found to be so scattered, however, 
that there is no clear-cut line, and frankly at this time we feel 
that the accuracy of the test data reported so far in the litera- 
ture would not allow that much refinement. 

The tests reported cover only one type of finned tube. This 
type is the only type tested and was chosen for a combination of 
mechanical and thermal reasons. It is a question of using an 
available tube which has desirable features mechanically and 
which for a number of uses is also suitable thermally. To cover 
a wide range of applications different ratios can be employed, 
but testing these goes beyond the scope of this paper. 

Mr. Donahue, suggests that the data be plotted using the 
Nusselt method rather than Dr. Colburn’s method which has 
been used. This may well give a better agreement and it is 
regretted that the time to do this has not been available. 

The tests were made using comparatively clean city water, 
which is not thought to have had much tendency toward fouling 
in the time the tests were run. The orifices were calibrated by 
separate calibration runs during which the fluid discharged was 
actually weighed. 

The question has been raised whether the type of finned tube 
used has given difficulty from cutting tube walls at the baffle or 
tube support due to vibration. So far in normal crossflow service 
we have seen no evidence of this—certainly no greater tendency 
on the part of this tube than on a bare tube. Most duties have 
been with close baffle pitches where the tendency toward extreme 
vibration is considerably curbed. 

Again it must be stressed that this report is preliminary in 
nature and is only a first indication of what may be expected 
from shell-and-finned-tube exchangers of this type. A number 
of these are in commercial service and so far have proved satis- 
factory. 


4 Office of Consulting Engineer, Chase Brass & Copper Company, 
Waterbury, Conn. 


a he a” i 5. eae »@ 


Heat-Transfer Coefficients and Other Data 


on Individual Serrated-Finned Surface 


By E. A. SCHRYBER,! BROOKLYN, N. Y. 


The purpose of this paper is to provide data on the 
serrated (segmented) type of finned surface; also to show 
the ease of fabrication and the flexibility of sizes, i.e., 
the ability to alter the ratio of secondary to prime surface 
without difficulty. 


HE individual serrated-finned surface under discussion is 

made from relatively thin flat metal strip. As the finned 

surface is wound around the tube, each individual fin takes 
the shape, roughly, of the letter L. The foot of the L is the 
shoulder of the fin and is used to secure a bond between the fin 
and the tube wall. The thickness, width, and length of the fin 
may vary to suit the need, but the general appearance and 
method of manufacture remain the same. The shoulder, or base, 
of the finned surface is continuous and is wound around the tube 
in a helical manner. The individual fins, being perpendicular to 
the shoulder, are caused by this winding operation to stand out 
from the tube in much the same manner as spokes from the hub 
of a wheel. Each individual fin is given a slight twist so that its 
flat surfaces do not follow the helical wind but lie in planes 
parallel to all other fins and perpendicular to the axis of the tube. 
These details are indicated in Fig. 1. 

With the serrated form of tube surface, no material is removed 
in forming the fins. The total width of all the fins in one row will 
therefore substantially equal the circumference of the tube. The 
fin height times the circumference of the tube, doubled to cover 
the area of both sides of the fin, plus the area of the fin edges, will 
substantially total the area of one row of fins. Where the same 
fin length is used, larger- or smaller-diameter tubes will have a sur- 
face area directly in proportion to the diameter of the tube. 
Changing the number of rows of fins per inch of tube or using 
longer or shorter fins will give a wide range of ratios of secondary 
to prime surface. 

It is not the purpose of this paper to go into a lengthy discus- 
sion of the relative value of individual serrated surface compared 
with other surface designs. Considerable work has been done by 
others, among them the interesting paper by Norris and Spof- 
ford.? Evidence has frequently been presented that the design of 
extended surface greatly influences its over-all heat transfer per 
square foot of surface and per foot of tube length. Extensive 
laboratory tests* were made to establish the performance data for 
the surface under discussion. An all-copper tube, solder-bonded, 
was used, having a 5/s-in. tube, 11/2 in. diam over the fins, 7 
rows of fins per inch. The results, together with a description of 
the test apparatus and procedure, follow. 


1 Extended Surface, Inc. 

2 “High-Performance Fins for Heat Transfer,’’ by R. H. Norris and 
W.A. Spofford, Trans. A.S.M.E., vol. 64, July, 1942, pp. 489-495. 

3 These tests were made in the laboratory of The Pennsylvania 
State College under the personal supervision of H.A. Everett and 
F.C. Stewart, and the results presented in a private report from which 
the data herewith are abstracted. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of Tux 
AMERICAN Socirery or MECHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


Derais or Test Serup 


The construction details of the test setup should be carefully 
noted, Figs. 2 and 3. They were selected to give the nearest 
approach to basic data and take into consideration the fact that 
units of this sort are sensitive to installation details, such as 
rounded versus sharp edges, and forced versus induced con- 
vection. Air was drawn through the test section, thence through 
the calibrated bellmouth orifice, by which the quantity of air 
was measured, then through an exhauster fan which was operated 
at various speeds. Air temperatures were taken by thermocouples 
ahead and behind the heater section, all shielded by aluminum 
foil to minimize radiation errors. The flow of air was measured 
at the bellmouth orifice by a pitot tube. 

Three assembly units were tested. The first was a single row of 
15 vertical tubes, each 2 ft long, assembled on 11/2-in. centers. 
The gross duct area was practically 4 sq ft (2 ft X 2 ft) where 
occupied by the coil. The second assembly consisted of two rows, 
each identical to the single-row section, but placed with the 
second row slightly offset so that the center line of the rear row 
of tubes was at the mid-point of the front row (known as staggered 
arrangement). The third test assembly consisted of three rows 
of tubes, all identical, and also assembled in a staggered arrange- 
ment. 

Table 1 gives the important dimensions of the units tested. 


TABLE 1 UNIT DIMENSIONS 


Unit 1 Unit 2 Unit 3 
Tube inside diameter,in.............. 0.575 0.575 0.575 
Tube outside diameter, i AD estab eiccaie ss 0.652 0.652 0.652 
Outside diameter extended surface, in. “5 1.5 1.5 
Thickness extended surface, in........ 0.010 0.010 0.010 
No. of fins per inch. . = ee: i Z Z 
Numbers Of rOWSs 0% s:is uss co sete 1 2 3 
Number of tubes per row.. Guemcdaae 1h) 15 15 
Air-side area, sq ft per ft ibe seen 1.245 1.245 1.245 
Air-side area of unit, sq ft.. Seth dis] Tee 74.8 112.2 
Steam-side area of unit, sq Lode: aan 4.51 9.02 13.53 
Ratio air-side to steam-side area...... 8.29 8.29 8.29 
Approach-face area, sqft............ 3.9 3.9 3.9 
Net area between tubes, sqft......... 2.03 2.038 2.038 
Length of tubes ;dtin, oc. iton sees ee 2 2 


Three sets of curves represent the results of these tests. Only 
the over-all coefficient of heat transfer and pressure-drop‘ 
curves are shown here, Figs. 4 and 5. Equations for the heat- 
transfer curves are as follows: 


Row (1) U = 0.165 G-58 
Rows (2) U = 0.148 G@?-5# 
Rows (3) U = 0.0838 G6 


U = Btu per hr per sq ft total air-side area per deg F, L.T.D. 
G = |b air per hr per sq ft net or free area 


ConDUCTING THE TESTS 


As the test runs were being conducted, a check was made from 
time to time of the heat balance between the air-temperature rise 
and the steam condensed. As this balance was found to be in 
accord, within reasonable test limits, the tests were recorded and 


4 The schematic drawing of the test layout, Fig. 3, shows an ordi- 
nary slant gage as the device for determining the pressure drop through 
the test sections. However, to insure utmost accuracy, a manometer 
calibrated in thousandths of an inch was used to determine the exact 
pressure drop as shown on the curves. 
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Fig. 1 


TRANSACTIONS OF THE A.S.M.E. NOVEMBER, 1945 


(c) 


Deraits or SPRRATED-FINNED Type or TuBE SURFACE 


checked using the air-temperature rise to calculate the total 
Btu transfer. Special care was taken to limit heat losses so that 
the heat taken up by the air would equal the heat given up by the 
steam. 

Reference to the schematic drawing of the test apparatus, 
Fig. 3, will show five thermocouples, connected in series, ahead of 
the test section to measure the temperature of the incoming air. 
Behind the test section are nine thermocouples, connected in 
three series of three each, to measure leaving-air temperature. 
There is an air-mixing and straightening chamber about 4 ft 
long immediately behind the test section, at the discharge end 
of which was placed the nine thermocouples. Checking one series 
of thermocouples against another, on the discharge side, indi- 
cated an even temperature distribution at this point. 

Attention is called to the fact that but one-, two-, and three- 
row assemblies were tested. The primary objective of these tests 
was to ascertain the heat-transfer characteristics and pressure- 
drop characteristics of the surface design. The results of these 
tests therefore are not directly comparable with tests of multi- 
ple-row assemblies. 


Meruop or MANUFACTURE 


To build the individual serrated-finned-surface tube, a simple 
but complete machine designed solely for this purpose is used. 
The bare tube is fed into the side of the machine and reels of fin 
stock are fed from the rear. The turning and forward progression 
of the tube, the serrating and bending of the fin stock, the wind- 
ing of the fin stock on the tube, are all accomplished simultane- 
ously and synchronized. The use of wider or narrower fin stock 
will result in longer or shorter fins, but the fabricating operation 
remains the same. Also, by winding the fins at a greater or lesser 
number of turns per inch the ratio of prime to secondary surface 
can be altered at will. 

Securing the fins to the tube is accomplished in one of two 
ways. LHither the tube, as it passes through the winding opera- 
tion, now progresses through a fluxing and soldering bath, or the 
shoulder of the fins is welded to the tube by continuous electric- 
resistance welding simultaneously with the winding operation. 
All nonferrous metals can be easily bonded by the soldering 
method. Capillary attraction causes the solder to flow under the 
shoulder of the fin creating a metallic bond with an area far 
greater than the cross-sectional area of the fin itself. Most metals 
can be readily resistance-welded by known techniques and some 
of the more difficult metals to weld, including aluminum and 
copper, are now being welded, and commercially acceptable 
welding techniques are being developed. The joining of metals 
by welding, as it applies to extended-surface tubes, opens a new 
field for this product. Subzero temperatures, as well as very high 
temperatures, can be handled without thought to bond rupture or 
disintegration. This development of the resistance-welding 
method of securing a bond is a substantial improvement over 
metallic or mechanical bonds. 

For the handling of corrosive fluids or gases on either side of 
the tube, bimetal extended-surface tubes can be fabricated by the 
welding method to the great advantage of the coil designer. 
Combinations of bimetal tubes using steel, copper, monel metal, 
cupronickel, admiralty metal, ete., can be fabricated. In this 
manner the most durable and satisfactory metal surface, either 
inside or on the outside of the tube, can be presented to the 
destructive action of many commonly handled materials, such as 
hot oil, ammonia, acid or alkaline solutions, many corrosive 
gases, etc. Fin materials would be the same as the outside sur- 
face of the tube thereby presenting a corrosion-resistant surface 
with a welded bond. The structure of the bond would be such 
that durability. and full flow of heat through this important point 
could be expected. 
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SprecraAL APPLICATIONS 


Distinct and apart from the foregoing tests has been the appli- 
cation of individual serrated-finned surface in tube-within-tube 
heat exchangers. In this application the V-shaped openings be- 
tween the individual fins form a definitely controllable and com- 
putable free opening in direction of flow. Full test data on the 
performance of this surface in such applications is not presently 
available. While the surface arrangements are not directly com- 
parable, the paper by Gunter and Shaw® shows the value of many 


5 ‘Heat Transfer, Pressure Drop, and Fouling Rates of Liquids for 
Continuous and Noncontinuous Longitudinal Fins,” by A. Y. Gunter 
and W. A. Shaw, Trans. A.S.M.E., vol. 64, 1942, pp. 795-802. 


short surfaces, instead of long continuous-surface arrangements, 
in direction of flow. Of similar character is the application of ex- 
tended-surface tubes in standard shell-and-tube heat exchangers. 
Their definite worth is being demonstrated in many installations; 
however, their comparatively recent widespread use is handi- 
capped by the lack of generally acceptable data except for specific 
applications. 

Individual segmented-finned surface, because of its high heat- 
transfer coefficient, is economical to use. If higher values of U 
are obtained per square foot of outside surface, it is axiomatic 
that economy of surface, and therefore economy of metal used, 
will result. For full commercial realization of this economy of de- 
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sign, 1t is necessary that it be coupled to economy of manufacture. 
Rapid automatic single-purpose machines, building the tube in 
one operation, complete the team of engineering and technological 
progress. Individual segmented-finned surface which can be 
made with a wide range of fin lengths, with a wide range of fin 
spacings per inch and wound on any size of tube, is therefore an 
extended-surface tube, the design of which gives use and manu- 
facturing economy. 


Discussion 


R. G. VanperRwein.* Is it possible to apply successfully the 
soldering and welding equipment mentioned to narrowly spaced 
fins, say 1/15 in. spacing, of a height of 1 to 2in.? Another ques- 
tion arises in connection with the application of the flux: We 
have found that the flux applied between fin and tube will accumu- 


* Office of Consulting Engineer, Chase Brass & Copper Company, 
Waterbury, Conn. 
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late at certain spots in the joint and thus decrease the effective- 
ness of the bond. This is particularly true for fins of small spac- 
ing and where no openings were provided to accommodate the 
exit of the flux from the joint. 


AuTHOR’s CLOSURE 


In reply to the questions by Mr. Vanderweil, the fabrication 
of narrowly spaced fins, both solder-bonded and welded, has been 
done experimentally. However, there is a practical difficulty; 
the foot of the fin strip must be strong enough to stand the stress 
of fabrication and is usually not less than 7/g in. wide. There- 
fore, the building of tubes of more than 8 rows of fins per inch 
necessitates a partial overlapping of the fin shoulder. This over- 
lapping brings up new problems and the fabrication of very nar- 
rowly spaced fins has not been done in normal production. The 
height of the fin is of no consequence. 

It has been the practice to use an aqueous mixture of ammo- 
mium chloride and zinc chloride, together with a wetting agent, in 
mild solution as a flux. This is jetted on the tube after the wind- 
ing operation, and thoroughly wets all exterior surfaces. The 
surface between the tube wall and the fin shoulder is wetted by 
capillary attraction. The molten solder, applied immediately 
after and in like manner, apparently flushes off all acid residue. 
No evidence of acid inclusion has yet been found. 
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Disk Extended Surfaces for High 
Heat-Absorption Rates 


By G. E. TATE! anp JOHN CARTINHOUR,? NEW YORK, N. Y. 


Four types of disk-on-tube extended-surface heat ex- 
changers are discussed in this paper, i.e., interlocking cast- 
iron sections of nine disks each; die-cast aluminum-alloy 
disks each with shroud and hub; two surfaces die-pressed 
from wrought-iron sheet, each with a flue; and one a six- 
teen-pronged star. Data for both the cast-iron and 
aluminum surfaces were obtained from tests of full-sized 
economizers in conjunction with boiler tests, while data 
on the wrought-iron disks were obtained from laboratory 
studies. Details are given of the testing procedure, and 
the results in terms of effectiveness of the various surfaces 
are analyzed and correlated. 


HE advantages of using extended surfaces in commercial- 

sized heat exchangers have long been generally recognized. 

Convenient proportions, greater compactness, fewer pres- 
sure joints, ease of arranging counterflow of the heat-exchanging 
fluids, and ease of achieving equal flows in the parallel circuits 
being traversed are the principal advantages realized. A requi- 
site of commercial heat exchangers, unless their use is to be re- 
stricted to clean fluids, is provision for cleaning the heat-exchang- 
ing surfaces with ease and speed. A type of extended surface 
having these features is the disk-on-tube, four varieties of which 
are illustrated in Figs. 1 to 3, inclusive. 


TyprEs or Heat-ABSORBING SURFACES 


The first variety, Fig. 1, consists of interlocking cast-iron sec- 
tions of nine disks each, shrunk onto steel tubes. Sand molds are 
used in the casting process. The internal surface, which is to be 
in contact with the tube, is broached to a diameter slightly less 
than that of the tube; the joint faces are finished on semiauto- 
matic machines. The external surface requires neither machining 
nor finishing. The contact between tube and cast-iron section, 
after the latter is shrunk on, has a thermal resistance of the order 
of 0.002 deg F hr/Btu per ft length of finned tube. This value 
includes the resistance of the hub metal. 

This form of extended surface has been most frequently applied 
to superheaters and economizers for stationary and marine 
boilers, waste-heat boilers, and oil heaters. Anotlier interesting 
application is to gas coolers for chemical processes where the re- 
sistance of cast iron to highly corrosive gases is utilized. For 
example, cast-iron surface is advantageously used in the sulphur- 
dioxide coolers required after the initial sulphur-burning step of 
the contact process of making sulphuric acid. Here the primary 
function of the heat exchanger is to cool the reactant mixture of 
gases to the temperature required for the next step; the conserva- 
tion of useful heat is a valuable secondary function. 

The second type, Fig. 2, consists of individually die-cast 
aluminum-alloy disks, each having a shroud and hub. The 


1 Research Physicist, Foster Wheeler Corporation. 

2 Engineer, Foster Wheeler Corporation. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of Tur 
AMERICAN SocigETy oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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accuracy of the casting and the condition of its surface are such 
as to require no machining. In assembly a hydraulic ram is used 
to force each disk, the internal diameter of which is less than the 
outer diameter of the tube, onto the tube and against the pre- 
ceding disk. As may be seen from the assembly figure, the tip 
of the shroud of the preceding disk is encased in a groove in the 
leading end (gill) of the disk being put in place. At the same 
time, the steel hoop ring is forced onto the hub underneath the 
shroud. Tubes of particularly close tolerance are used in order to 
insure good contact between hub and tube. 

Under service conditions the hoop ring and tube expand less 
than the aluminum hub, on account of the lower coefficient of 
thermal expansion of steel. The function of the hoop ring is to 
hold the aluminum hub in good thermal contact with the tube. 
The thermal resistance of this contact, including the metal of the 
hub, is approximately 0.002 deg I’ hr/Btu per ft length of finned 
tube. This value represents a mean of extensive tests wherein 
test elements 1 ft long and comprising 22 disks are heated in a 9- 
kw electric furnace. The element is in effect the heating surface 
of a natural-circulation boiler, and the heat absorbed is obtained 
from the measured electric power as well as from the steam pro- 
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duced. The temperature of the disks, hubs, and tube are meas- 
ured with thermocouples. 

The aluminum disk was developed for application to econo- 
mizers of marine boilers where space and weight are of primary 
importance. Its use obviously is not limited to this applica- 
tion. A limit to the maximum, feasible, heat-absorption rate does 
exist, however, as the tips of the disks must be kept below the 
softening temperature (approximately 1000 F). By means of 
the theoretical formulas of Schmidt (1), which relate the tem- 
perature drop, fin tip to base, to the heat-absorption rate, the 
theoretically safe maximum rate of heat absorption can be ex- 
pressed as a function of tube temperature. In actual service a 
heat-absorption rate of 43,000 Btu/hr per ft length of 2-in. tube 
has been reached with a tube temperature of 480 F, without im- 
pairment of the tips of the disks. 

The third and fourth surfaces are formed from wrought-iron 
sheet by a series of die-press operations. The resulting shape is 
a disk with a flue. In one case portions of the disk are cut out by 
stamping, leaving a sixteen-pronged ‘‘star.’”’ Wrought iron is 
used because of its thermal conductivity and ductility. These 
disks are then attached to the tube by seam-welding the flues to 
the tubes by means of automatic welding machines. Fusion be- 
tween the metal of the flue and that of the tube takes place over 
approximately 50 per cent of the flue width. The thermal resist- 
ance of the flue, including the weld, is found to be less than 0.002 
deg F hr/Btu per ft length of finned tube. These disks are used 
in economizers where weight and space are at a premium. 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Takine Test Data 


The data for both the cast-iron and aluminum surfaces were 
obtained from tests of full-sized economizers in conjunction with 
tests of the boilers proper. The flue-gas temperature ranged be- 
tween 1150 F maximum at the inlet and 200 F minimum at the 
outlet; the inlet feedwater, temperature ranged between 150 F 
minimum and 410 F maximum. In the aluminum-ring-econo- 
mizer tests the fuel was oil, while for the cast iron several types of 
coal are included, as well as oil. 

It is recognized that the accuracy of some of the data is not of a 
high order. True average gas temperatures are difficult to meas- 
ure on large-scale equipment, particularly at the inlets of econo- 
mizers placed close to the boiler outlet, where little mixing of the 
gas has taken place. Radiation losses from thermocouples also 
add to the difficulty. Hence a selection from the data obtained 
over a period of several years was made, using the heat balance 
as a criterion in judging the accuracy of the temperature measured 
with thermocouples. Only tests in which the feedwater flow, the 
fuel-consumption rate, the fuel analysis, and the flue-gas analysis 
were accurately determined are included. 

The data presented on the wrought-iron disks were obtained 
by laboratory tests of air heaters, wherein room air passing over 
the fins was heated by steam condensing inside the tubes. Finned 
elements 1 ft long were arranged in staggered rows, four elements 
in each of the five rows, on 41/s-in. equilateral centers. Dummy 
half-elements were used at each end of alternate rows in order to 
effect the same flow pattern around the end elements as obtained 
about the middle ones. The tubes were vertical in order to 
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insure free drainage of the condensate. The temperature of the 
air was measured by means of thermometers in regions where the 
air was well mixed. Standard orifices were used to meter the air. 
The heat absorbed by the air was in good agreement with the heat 
given up by the steam, as calculated from the measured quantity 
of condensate, steam pressure and temperature, and condensate 
temperature. 

The results of the laboratory tests have been compared with 
tests on economizers used to cool the flue gas from boilers with the 
feedwater, and substantial agreement was found. The data 
from the laboratory tests are presented in preference to those 
from full-sized economizers for two reasons: 


1 Absence of soot. 
2 Small variation of thermal properties of the air over the 
small temperature range obtaining. 


As a matter of interest results of a test of unflued disks 43/, in. 
diam and 14/\. in. thick, silver-soldered to 2-in. tubes, have been 
included. Five staggered rows, each of three tubes 1 ft long, 
comprised the air heater. The tubes were on 5!/,-in. centers. 

From the over-all coefficients of heat transfer from the gas to 
the water U’, the corresponding coefficient of heat transfer from 
gas to fin surface h, was computed by means of the relation 
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i/h = 1/U' cas (Sy + S2)ZR 


Here =F is the sum of the following thermal resistances: Fluid 
inside tube to inner tube wall; the rust layer on this surface; the 
tube wall itself; contact between tube and flue, or hub; flue or 
hub; disk. No allowance for soot deposits on the fin and flue 
surface was made in the case of the full-sized economizers, be- 
cause of the arbitrary assumptions that would be involved. 

In calculating the resistance of the inner fluid, also that of the 
tube wall, the ample data of various investigators (2) were 
utilized. The resistance of the rust deposit was calculated from 
its measured thickness on the assumption that the deposit was 
porous and therefore the thermal conductivity was equal to 
that of the water filling the pores. 

The method of measuring the thermal resistance of the contact 
between tubes and aluminum hub, together with that of the hub, 
in the electric furnace has been described previously. This 
method was applied to the shrunk-on cast-iron elements and to 
the wrought-iron disks having their flues welded to the tubes. 
In the latter case a more rapid test by electrical means was also 
employed, wherein a current of 200 amp was passed into the pe- 
riphery of one disk, and the voltage drops along the flue and across 
to tube were explored by means of a probe and a precision milli- 
voltmeter. The electrical resistivity of the flue material was 
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measured, using specimens machined to accurate dimensions, and 
the thermal conductivity was deduced approximately by means 
of data available in the literature (3). 

The average value of the ratio, length of path to cross-sec- 
tional area of path, was calculated from the electrical resistance 
and resistivity. The shape factor so obtained, when divided by 
the thermal conductivity, gave the thermal resistance. How- 
ever, before comparing with the results of the first method 
(measured temperatures and heat-absorption rate), an allowance 
had to be made for the heat absorbed by the flue direct from the 
gas. When this was done the results of the two methods were 
found to be comparable. 

Probably a more satisfactory electrical method, except from 
the standpoint of routine tests of full-sized elements, would be to 
surround a disk and flue with mercury, thus providing an anode 
analogous to the gas from which heat is transferred in the thermal 
case. In this manner the resistance from anode to the tube, or 
including it, could be obtained from the measured current, voltage 
drop, and resistivity of the fin material. If the flue were cut 
away the resistance of the disk alone could be obtained;, thus the 
adequacy of the theoretical treatment of variously shaped disks 
could be checked. 

Values of the thermal resistance of the disks were calculated 
by means of theoretical formulas derived by Harper and Brown 
(4). A graphical representation of disk resistance and effective- 
ness, based on the foregoing theoretical analysis, is shown in 
Fig. 5. Here & is the heat-transfer coefficient from gas to fin 
surface, U that from gas to base of disk, and M is 


LQhpty V/D,/V De (Dz — D,)? 


M/hand M/U are dimensionless. 
the Appendix. 

In the case of a disk and shroud, e.g., Fig. 2, we have in effect 
two fins of unequal dimensions in parallel. If we assume that 
the values of the coefficients of heat transfer from gas to fin sur- 
face are the same for both disk and shroud, the respective heat 
flows are 

Q; = ehS: X temperature drop from gas to hub 
Q2 = EhS2 X temperature drop from gas to hub 
Defining U and U’ by the relation 

Qi + Q2 = U(S; + S2) X temperature drop gas to hub 

U’(S; + So) X temperature drop gas to water 


The derivation is discussed in 
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Treating the shroud as a strip, receiving heat on one side only, its 
effectiveness e, was calculated from the well-known hyperbolic- 
tangent formula, and the disk effectiveness # was read from Fig. 
5; so a plot of 

aL 1 S,; + 82 


=> VCLS US = 


we h eS; + ES. 


was prepared. From this subsidiary graph values of h, corre- 
sponding to test values of U’, were easily computed. 


CORRELATION OF Test Data 


The values of f calculated in the manner described were in- 
corporated into the dimensionless group (h/c@)(cu/k)*/*, and 
plotted against Reynolds number DG/y, as shown in Fig. 4. 
Here the mass flow of the gas G is that through the minimum area 
available. The equivalent diameter D, used in Re is that of a 
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cylinder having the same projected area as the finned tube. It 
was chosen somewhat arbitrarily. The particular grouping of 
the heat-transfer factors used here is preferred because the 
diameter, the choice of which is to be substantiated, appears only 
in the abscissa. 

Values of U were plotted in the same manner, as shown in the 
lower plot of Fig. 4. In Table 1 the various resistances, the 


TABLE 1 RESISTANCES, DIMENSIONS, AND THERMAL 
CONDUCTIVITIES OF VARIOUS SURFACES 
; 33/s-In. 43/4-In. 

Surface Castiron Aluminum wroughtiron wroughtiron Star 
Di 0.208 0.225 0.134 0.167 0.134 
D2 0.387 0.417 0.282 0.396 0.292 
D 0.275 0.282 0.158 0.201 0.158 
S 3.10 4.50 3.29 6.50 2.16 
di 0.139 0.139 0.100 0.146 0.100 
d2 0.167 0.167 0.125 0.167 0.150 
Rr 0.0023 0.0035 0 0 0 
Rr 0.0030 0.0045 0.0039 0.0046 0.0026 
Re 0.0060 0.0090 0.0061 0.0070 0.0040 
kr 29 87 36 36 36 
kr 9 9 9 29 9 
tr 0.0207 0.0117 0.0052 0.0052 0.0052 


sum of which was subtracted from the over-all resistance in ob- 
taining U, are listed together with pertinent dimensions and 
thermal conductivities. U was chosen in preference to the over- 
all heat-transfer coefficient U’, in order to show the characteristic 
performance of the various disks unencumbered by the particular 
resistances which are imposed by the inner fluid and its conduit 
and which have no general relation to the convective process 
occurring at the external surface. 

The temperature at which the thermal properties of the gas 
were evaluated was the arithmetic average of the gas and fin 
temperatures at inlet and outlet. The viscosity and thermal con- 
ductivity of the flue gas were assumed to be the same as those of 
air. The specific heat was calculated from the known composi- 
tion of the gas, using current values of specific heats derived 
from spectroscopic data (5). : 

It will be noted in Fig. 4 that the surface heat-transfer co- 
efficients h of the cast-iron and alummum disks are fairly con- 
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sistent, and that they are approximately represented by curve 
B-B. This curve, which is drawn for purpose of comparison, 
represents a rough average of the results obtained by Pierson (6) 
for banks of staggered bare tubes. Curve A-A, also shown for 
comparison, represents average values for single bare tubes (7). 
The scattering of the points is attributable to experimental in- 
accuracy, due chiefly to nonuniform temperature distribution in 
the gas stream to and from large-scale apparatus, and to the dep- 
osition of soot on the fin surface. The rate and character of the 
soot deposits are believed to depend on the nature of the ash in 
the fuel, the concentration of solid carbonaceous matter in the 
gas, the gas temperature, and its velocity. The tendency of the 
points to converge to a single curve at the higher flows is con- 
sidered to have a basis in reality; for it is a common observation 
that much less soot is blown free by the soot blowers at the end of 
tests at high gas flows than at the end of tests of the same duration 
at low rates of flow. 

A notable feature of the surface heat-transfer group in the case 
of the solid wrought-iron disks, lines C-C and D-D in Fig. 4, is its 
independence of Reynolds number over the range covered in the 
tests. Any alternate choice of mean of disk and tube diameter 
would merely displace the points to right or left, parallel to the 
axis of the abscissa, while leaving their ordinates unchanged. 
Obviously, the ordinates of the points represented by C-C and 
D-D require a factor in order to merge with one or the other ex- 
tremity of B-B, after suitable modification of the abscissa as well. 

In the case of the star disks, disposition of the disk surface in 
the form of prongs apparently increases the turbulence in the 
bank of finned tubes to such a degree that the heat-transfer 
group, line H-Z#, is increased by 50 per cent. The heat absorbed 
per unit length of finned tube is nearly the same for the star disks 
with segments cut out as for the solid disk of the same diameter. 

The effect is similar to that found by Norris and Spofford (8) 
for strip fins. If their method of correlation is applied to the 
prongs of the star disks, using 0.56 in. as the average perimeter 
of a prong, the test points form a nearly horizontal line. The 
middle of this line is approximately the point of intersection with 
the sloping line representing their results. An alternate pro- 
cedure is to divide the perimeter of the prongs by 7, and seek a 
way of averaging this and the tube diameter. In view of the 
complex nature of the flow, however, probably no such simple 
parameter would suffice. 

Two undoubtedly important factors are tube spacing and fin 
spacing. The data presented here are too meager to warrant any 
conclusions. However, the persistence of eddies from one row to 
the next and their penetration of the passageway between adja- 
cent fins are undoubtedly involved. A possible basis for extend- 
ing the correlation to cover further data may be: 


1 Incorporation of the square root of the ratio, fin-passageway 
width to height, into the heat-transfer group. 

2 Use of some implicit function of tube diameter and pitch, 
together with fin spacing and height, such as hydraulic diameter, 
in the expression for Reynolds number. 

3 Use of the ratio of tube pitch to diameter as a separate 
explicit parameter. 


The first two are suggested by the results of Ellerbrock and 
Biermann (9) on-single-finned cylinders. 

No account has been taken of the variation of h locally over 
the surface of a disk. In the case of single-finned cylinders, con- 
siderable variation was found by Biermann and Pinkel (10). If 
the thermal resistance of a disk is appreciably affected by this 
variation, as well as the average value of h, allowance for this 
might change the slope of lines C-C and D-D. 


Appendix 


NOMENCLATURE 
The following nomenclature is used in this paper. 


Ry = resistance of fin, (deg F)(hr) /Btu 
R, = resistance, fluid inside tube to inner tube wall, (deg F) 
(hr) /Btu 
Rp = resistance of rust on inner tube wall, (deg F) (hr) /Btu 
Ry = resistance of tube wall, (deg F) (hr) /Btu 
R, = resistance of contact and hub of disk, (deg F) (hr) /Btu 
h, = heat-transfer coefficient, fluid inside tube to inner tube 
wall, Btu/(hr) (sq ft)(deg F) 
h = coefficient of heat transfer, gas to fin surface, Btu/(hr) 
(sq ft) (deg F) 
U = heat-transfer coefficient, gas to base of disk, Btu/(hr) 
(sq ft)(deg F) 
U’ = over-all heat-transfer coefficient, gas to fluid inside tube, 
Btu/(hr) (sq ft)(deg F) 
S; = surface of flue per foot length of tube, sq ft per ft 
S2 = surface of disk per foot length of tube, sq ft per ft 
S= S, aR S2 
E = effectiveness of fin 
e = effectiveness of flue 
ky = thermal conductivity of disk metal, Btu/(hr) (ft) (deg F) 
ky = thermal conductivity of tube metal, Btu/(hr) (ft) (deg F) 
kg = thermal conductivity of gas, Btu/(hr) (ft) (deg F) 
u = viscosity of gas, lb/(hr) (ft) 
c = specific heat of gas at constant pressure 
G = mass flow of gas, lb/(hr) (sq ft) 
W = weight flow of fluid per tube, lb/hr 
D = equivalent diameter of surface, ft 
D, = inner diameter of disk, ft 
D, = outer diameter of disk, ft 
d, = inner diameter of tube, ft 
dz = outer diameter of tube, ft 
t; = thickness of fin at Du, ft 
tg = thickness of fin at D2, ft 
tp = mean fin thickness, ft 


THERMAL RESISTANCE OF Disk Fins 


The heat balance for a differential element of volume of a disk, 
neglecting temperature gradients in all directions except the 
radial, is for steady flow 


d 2 
d (2rtre 2) = Apher i te 7) () a (1] 
dr dr 


Here # is the temperature difference between gas and the surface 
of the disk at radius r, z is the thickness at radius r, k is the ther- 
mal conductivity of the disk material, and h the surface coefficient 
of convective heat transfer. 

If the disk is tapered, and its thickness varies with radius ac- 
cording to 


e 2m 
2= % Sole Sekt Pe eT ee [2] 
- ; 
Equation [1] assumes the form 
2, —-S 
Bivig therm SPs} singe ah peered Ok (3] 


da? x dz 


where 


1/q 
: Qhr;? m2," 


rT) By 
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Use of the mean value of the radical in Equation [1] is justifiable 
where ~ is small compared to z. 


T1 
The solution of Equation [8] is 


x r 
Oc) | AT ms) BK _m ( z 
a | (oe id mi \m-+l 


where A and B are integration constants to be determined from 
the boundary conditions 


6=60, whens = 27 = 1 


dé 
— = 0 whenz = 


Xe 
dz 
dé A: dz\? 
== 2ramnk oo 27U 6; f T 4/1 “fb 1/, ) dr 
dz +1 dr 


when t = 1% 


. [6] 


Herel am 


and K m _ are modified Bessel functions of first 
m+i1- 


m+1 


and second kind, respectively, and order = r 

The case m = 0 has been treated by Harper and Brown (4), 
and Schmidt (1), who used Hankel’s notation for the Bessel func- 
tions. The case m = !/, was treated by Carrier and Anderson 
(11) without identification of the series obtained as solutions, 

In the case m = 0, ie., a disk of constant thickness, the disk 
effectiveness Z, is found to be (in the notation employed here) 
Rea 2.2 Ti(Ats) Ki (4) —hQ) KiQura) [7] 

h(t — 1) To( Aare) Ko(A) + To(A)Ki(Az2) ** 

Ten-place tables of the J and K functions of integral order are 
given by Gray and Mathews (12). By means of these the num- 
erator in Equation [7] can be calculated with precision more than 
ample for our purpose. 

A graphical representation of Equation [7] in a form fre- 
quently convenient is shown in Fig. 5. Use of the parameter 


rave kay Ne ay 2kz, |D, 
2(rz — 1)? T2 (Dz — D,)? Dz 


effects a merger of the individual curves at large values of the 
abscissa M/h, to a degree of accuracy exceeding that required for 
most purposes. This parameter M involves the dimensions of 
the disk and the thermal conductivity of its material. Values of 
the ordinate were obtained from Equation [7] and the relation 


Lines of constant disk effectiveness ZH were drawn by plotting 
r— EM : os é ; 
Ra i as ordinate, assigning decimal values successively to FE. 
As r, becomes very large, while (rz — r1) remains small in com- 
parison, the influence of curvature diminishes, and as a limit we 
approach the strip fin of height (rz — 7). The equation of the 
eurve denoted by D;/D, = 1 in Fig. 5 is easily derived from the 
usual hyperbolic-tangent formula for effectiveness, together with 
Equation [8], yielding 


M M h M 
———=VI Ree 
ees if / coth faa [9] 
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The chart may be used directly in calculating the unit resistance 


(= — i), of a disk when h, k, and the dimensions are specified. 


When U instead of h is specified, a subsidiary plot with M@/U as 
abscissa is more convenient, and is easily constructed. Correc- 
tion for the heat flow into the edge of the disk may be made 
approximately by adding one half the disk thickness to (rz — 11), 
following the procedure of Harper and Brown. 

In the case of a disk having a parabolic profile, m = 1 in 
Equation [4], the Bessel functions of Equation [5] are of order 1/3 
and reduce to hyperbolic functions, yielding 


6 = A cosh (Az?/2) + B sinh (dx?/2)......... [10] 
and 


U _ 2tanh {A(a2? — 1) /2} 


ie Maa? — 1) 


after determination of A and B by means of the boundary condi- 
tions Equations [6]. By assigning to M the value 


ae Qhzrze (: bay ie: zt) 


= (72 — r1)°(W 21 + Vu)? 47,72 


the curve labeled D2/D, = 1 may be used for the parabolic disk. 
Correction for the temperature gradients other than radial 
was treated by Harper and Brown and shown to be small in 
ordinary cases. In the case examined in detail by them M/h had 
the value 0.2967, and the correction to effectiveness 0.6 per cent. 


M 
The corresponding correction to be added to G —_ =) amounts 


to 1 per cent. 

No account was taken of the local variation of h over the disk 
surface. An influence as great as that due to curvature and shape 
would be anticipated. 
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Heat-Flux Pattern in Fin Tubes 
Under Radiation 


By A. R. MUMFORD! ann E. M. POWELL,? NEW YORK, N. Y. 


In this paper data are presented showing heat-flux pat- 
terns as indicated by temperature-drop curves from field 
measurements and from an electrical analogy in the labo- 
ratory. Data of this kind may become of some impor- 
tance if the use of tube-surface temperatures in furnace- 
testing technique is successfully developed. 


indicate the heat-flux variation around the circumference of 

a tube have appeared in technical publications. Although 
this method is fascinating and gives promise of producing data 
which will aid in a more complete understanding of what is 
going on in the furnace and at the walls, it is apparent that the 
variations caused by slag deposits in coal-fired furnaces are of 
such magnitude that many more data than are at present availa- 
ble will be required before we can say with assurance that this 
condition or that condition represents the normal at a given 
location and rating. 

Fig. 1 shows a plan section through a furnace having a slag- 
ging bottom and fired tangentially with pulverized coal. The 
furnace walls are made up of finned tubes, one of which, as indi- 
cated, was selected tor the measurement of surface temperatures. 
A section of the finned tubes used in the construction of the walls 
of this furnace is shown in Fig. 1. Thermocouples were installed 
at several points around the circumference of the tube at an ele- 
vation of approximately 13 ft from the floor of the furnace. The 
method of installing the thermocouples for measuring the sur- 
face temperatures of tubes has been described by C. G. R. Hum- 
phreys.* When couples were installed on the back of the tubes in 
a position not exposed to furnace gases or ash, the temperatures 
indicated were within a degree or two of the saturation tem- 
perature corresponding to the boiler pressure. It is therefore 
probable that this method of surface-temperature measurement 
provides a means which can be expected to be accurate within 
0.5 per cent of the indicated temperature. 

Fig. 2 gives a number of curves showing the difference be- 
tween the tube-surface temperature and the saturation tem- 
perature around the exposed semicircumference of that tube at 
intervals after the unit was lit-off. Curve a represents the con- 
dition shortly after lighting-off when the load was less than 1/2 
normal. Only a small amount of coal had been burned up to 
that time, and it is probable that the tube surface was clean and 
exposed. The temperature elevation varies about 50 F with the 
peak to the right of the normal to the wall. Fourteen hours 
later the boiler was operating at about 90 per cent of normal 
and no lancing had been done. Some ash had accumulated on the 


ae examples of the use of surface temperatures to 


1 Research and Development Department, Combustion Engi- 
neering Company,;Inc. Fellow A.S.M.E. 

2? Engineering Department, Combustion Engineering Company, 
Inc. 

3**Thermocouples for Furnace-Tube-Surface Temperature Meas- 
urements,’ by C. G. R. Humphreys, Combustion, vol. 16, 1944, 
Pp. 53-55. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of Tux 
AMERICAN SocIETY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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surface because the surface temperature of the metal had dropped 
as shown on curve }, in spite of the fact that the rate of heat re- 
lease in the furnace had doubled. It may be significant that the 
greater drop in surface temperature occurred in the right quad- 
rant of the tube. At least, from an examination of the geome- 
try of the furnace, noting the direction of the fuel stream and the 
point of highest heat intensity, this quadrant is the point at 
which we would expect ash to deposit. 

Curve c represents the conditions about 6 days after the boiler 
was lit. The load was normal but apparently a fairly uniform 
coating of ash had accumulated which reduced the rate of heat 
transfer to such a point that the surface temperature of the tube 
was only 60-70 F above saturation. 

Curve d represents conditions a week after the unit was lit-off, 


Fig. 1 Pian Section THROUGH PULYERIZED-CoaL-FirED FURNACE 


with only routine lancing and with a load of about 90 per cent of 
normal, This curve is of particular interest because of the small 
variation around the circumference. The evidence of these ob- 
servations would indicate that the normal temperatures would 
be higher in the right quadrant. 

Six days later, or 13 days after lighting-off, the conditions are 
represented by curve ¢. These surface temperatures are the 
lowest observations at full load and indicate the existence of a 
heavy coating of slag with more heat being transmitted through 
the right quadrant. This curve represents the condition im- 
mediately preceding a thorough lancing of the walls. 

Curve f represents conditions immediately after the wall had 
been lanced. The largest temperature drop, and probably the 
largest rate of heat transfer, exists in the right-hand quadrant. 
The comparatively low drop which is shown at 30 deg from the 
face of the wall in the left-hand quadrant is probably due to the 
continued adherence of some insulating slag in this region. 


Preriop PRECEDING AND FaQuLowING LANcING oF FURNACE 
WALL 


A more detailed examination of the period immediately pre- 
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ceding and following the lancing of the wall is shown in Fig. 3. 
The wall in the region of this particular tube was lanced between 
11 a.m. and 11:20 a.m. and the changes in heat transfer are 
indicated by the temperature differences. At 10:10 a.m. be- 
fore lancing, the average temperature difference was 50 F’, being 
somewhat lower in the left quadrant. At 11 a.m. at the start 
of lancing, the temperature difference through the tube wall on a 
normal to the plane of the furnace wall increased to 230 F with 
lesser increases at other points. If the rate of heat transfer is 
taken as proportional to the temperature drop, then the rate at 
the front face of the tube immediately after lancing is 4.7 times 
that before lancing. At 11:04 a.m. what is indicated as the 
cleanest condition was reached, and this was practically un- 
changed at 11:20 a.m. when the lancing had been completed. 
At noon, 2 p.m., and 4 p.m., the rate of accumulation of the 
insulating layer of ash is indicated by a decreasing temperature 
difference. A better appreciation of the changes taking place 
will be realized by noting the location of this tube in Fig. 1 with 
relation to the approaching coal stream and the zone of highest 
heat intensity off the right quadrant and the lance coming from 
the left. 

In Figs. 2 and 3 zero of the temperature scale is at the tube 
surface. The elevation within the furnace at which these tem- 
peratures were taken is in the zone of high heat release and slag 
deposits and therefore, although these temperatures are not 
representative of the entire furnace, they do serve as a good in- 
dication of the variations which can take place in the zone of in- 
tense heat transfer during operation. Conclusive study of the 
heat-flux pattern in a finned tube would require the collection of 
field data, not only over a long period in a coal-fired furnace, but 
over many areas of the furnace in which insulating layers of slag 
are or are not deposited. 

In Fig. 4 are plotted several curves which show the tempera- 
ture differences which existed at various times on the circumfer- 
ence of the tube and at the extremity of one fin. The tempera- 
ture scale is the same as used in Figs. 2 and 3. The variations 
of surface temperature are most pronounced at the tip of the 
fin and on the tube wall adjacent to the fin. Except for the gen- 
eral rise after 11:30 a.m., the variations in the right quadrant 
were comparatively small, but in the left quadrant were so great 
that the most feasible explanation is the dropping off of a fairly 
dense layer of slag. The method of presentation does not 
take into consideration the fact that the metal thickness be- 
tween the measuring point and the internal fluid is greater by 1 in. 
for the fin-temperature point. If it were certain that the entire 
fin had been exposed, a heat flux proportional to the tempera- 
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ture drop per inch of metal could have been assumed, but with 
the available data there was no assurance of this, consequently 
no attempt at correction was made. 

Obviously, the variations occurring in this zone of the furnace 
preclude any short-time study of heat-flux patterns by field meas- 
urements in a coal-fired furnace. The opinion should be em- 
phasized that the conditions shown in Figs. 2, 3, and 4 are not 
representative of the entire furnace, but only of the flowing- 
slag zone of a slagging-bottom pulverized-coal furnace. The 
condition at other furnace-wall areas is known to be less variable. 
Evidence of the variation to be expected in different areas of 
the furnace has been given by H. Kreisinger and R. C. Patterson.4 
The variable conditions in the slag zone, however, will set the 
requirements for the testing period because the slag zone is about 
10 per cent of the furnace area. 


Lagporatory Stupy or Heat-Fiuux ParrerNns 


The laboratory approach to the problem of heat-flux pattern in 
finned tubes under radiation permits a determination of tempera- 
ture drops by analogy and therefore the determination of heat- 
flux patterns without the interference of ash deposits. Fig. 5 
shows a test setup used for the purpose of studying flux patterns 
with particular emphasis on the flow of heat from the base of the 
fin through the tube wall. On a sheet of high-resistance alloy 


Fie. 5 DiaGRaM or APPARATUS FOR PrRopucING VOLTAGE Drops 
Across SIMULATED FINNED-TUBE WALL 


cut in the shape of a section of a finned tube, a number of radial 
and circumferential lines were machine-scribed. Electric cur- 
rents were passed through the sheet in such values that were 
comparable to the heat flow by radiation. By taking voltage 
drop, amperes, and electrical conductivity as equivalent to tem- 
perature drop, quantity of heat per unit of time, and thermal 
conductivity, respectively, temperature drops could be com- 
puted from the electrical measurements. Voltage drops were 
measured at the intersections of the scribed lines and the analo- 
gous temperatures computed. 

Fig. 6 shows the calculated temperature distribution at the 
base of a fin 1/,in. X 1 in. long on a 4-in. X 0.380-in. tube, and 
Fig. 7 shows the distribution at the base of a fin 1/,in. & 17/5 in. 
long on the same tube. In each case the current flow was ad- 
justed to be equivalent to a uniform rate of heat transmission 
for the tube and fin of approximately 50,000 Btu per hr per sq ft. 
The electrical resistance between the inner face of the tube and 
the inside contact plate was uniform and corresponded to a 
thermal conductivity of approximately 3500 Btu per hr per sq 
ft per deg F temperature difference. Other sources have indi- 
cated this to be somewhat low. 

The distribution of heat-flux density imposed in the form of 


4“Heat Transfer of Water-Cooled Furnace Walls,’ by H. Kreis- 
inger and R. C. Patterson, Trans. A.S.M.E., vol. 66, 1944. Bound 
at back of volume in pamphlet entitled ‘‘Furnace Performance Fac- 
tors,” pp. 71-78. 
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Fig. 6 TEMPERATURE DISTRIBUTION AND Heat Fiow at Base oF 
1/4,-IN. X 1-In. Fin 
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Fic. 7 TrMPERATURE DISTRIBUTION AND Heat Fiow aT Bask oF 
1/4-IN. X 17/16-IN. Fin 


current flow was uniform on the circumferential part of the 
tube and the weld of the fin. The heat picked up by the fin was 
represented by current flow from the end of the fin only. An 
examination of the two figures makes it quite apparent that the 
only marked difference in temperature drop occurs in the region 
of the fin, and the greatest temperature drops occur with the 
largest fin. The influence of the fin and the heat it picks up is to 
change the direction of heat flow from radial to a combination of 
radial and circumferential. The isotherms, instead of being 
circumferential, dip radially more and more as the circumferen- 
tial distance increases at or near the fin. Back of the fin, in the 
region where no heat is being added to the tube, the heat flow 
extends almost 45 deg but the magnitude is very small after 
about 15 deg have been passed. The fanning out of the lines 
of flow of the heat, i.e., normal to the isotherms, is clearly indi- 
cated by the movement of the peak of the temperature-differ- 
ence curves from the line of the fin forward toward the exposure. 
This forward shift reaches a maximum at the inner face of the 
tube. 

For the experiments uniform radial absorption has been as- 
sumed around the semicircumference of the tube. This is seldom 
realized in actual practice, the rate usually being less near the 
base of the fin. This factor would tend to reduce the heat con- 
centration ahead of the base of the fin and the temperature differ- 
ence calculated at that point. 

The use of tube-surface-temperature measurements in furnace 
technique has been discussed elsewhere. It does not seem out 
of place, however, to indicate that under conditions of parallel 
radiation at any degree of incidence, a fin tube will have greater 
exposure than one of a group of tangent tubes because of their 
spacing, and at some angles the area of the fin will be very im- 
portant in fixing the heat-flux pattern through the tube because of 
its proportion to the total. 
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Heat Transfer and Pressure Drop of Liquids 
in Double-Pipe Fin-Tube Exchangers 


By B. DE LORENZO! ann E. D. ANDERSON,? ELYRIA, OHIO 


This paper presents data on the fin side of standard 
commercial-size longitudinally finned double-pipe ex- 
changers. Three fin-tube sizes were investigated in heat- 
ing and cooling for both heat transfer and pressure drop. 
The data indicate that the transition between laminar 
and turbulent flow begins at R < 400 for both heat transfer 
and pressure drop, corroborating results reported by 
previous investigators. Methods of evaluating heat- 
transfer coefficients and pressure drop for liquids inside 
tubes are applicable for liquids in the fin side of finned 
double-pipe exchangers. For values of R up to 4000 
(approximately), recommended curves for fin-side heat 
transfer give higher coefficients than the values obtained, 
by the procedure outlined by the Tubular Exchanger 
Manufacturers Association for liquids flowing in tubes. 
A method is presented for determining the weighted 
average temperature of the outside surface of the fin tube 
to be used in evaluating u,, in the viscosity gradient correc- 
tion p/j1,- 


NOMENCLATURE 


The following nomenclature is used in this paper: 


~ 
| 


= (Ay+ A,) = total fin-side surface area, sq ft 
A, = net free cross-sectional area for flow on fin side, 
sq ft 
Ay; = surface area of fins only, sq ft 
A; = inside surface area of tube, sq ft 
A, = outside surface area of tube only, sq ft 
b = height of fin (see Fig. 2e), ft 
c = specific heat of fluid, Btu/(Ib) (deg F) 
D, = 4A,/v = equivalent hydraulic diameter of fin side, 
: ft 
D’ = inside fin-tube diameter, in. 
f = friction factor in Fanning equation, dimensionless 
G = mass velocity of fluid, Ib/(sq ft) (hr) 
g = acceleration due to gravity = 4.17 < 108 ft/(hr) (hr) 
ha = reciprocal of fouling resistance (see Fig. 4), Btu/ 
(hr) (sq ft) (deg F) 
hy and hy, = fin-side film coefficient based on A, clean and fouled, 
respectively, Btu/(hr) (sq ft)(deg F) 
hg and hy,; = fin-side film coefficient referred to A;, corrected for 
weighted fin effectiveness, clean and fouled, respec- 
tively, (see Fig. 4), Btu/(hr) (sq ft) (deg F) 
h; = tube-side film coefficient, based on A; clean, Btu/ 
(hr) (sq ft) (deg F) 
h, = reciprocal of tube-wall resistance, Btu/(hr)(sq ft) 


(deg F) : 
2/3 —0.14 
j= hy “) () = Colburn’s (1)’ heat transfer 
cG % My 


1 Manager, Heat Transfer Department, Brown Fintube Company. 

2 Design Engineer, Brown Fintube Company. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27-Dec. 1, 1944, of Tux 
AMERICAN Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


factor modified by Sieder and Tate’s (2) viscosity 
correction, dimensionless 
kand ky; = thermal conductivity of fin-side fluid and of fin 
material, respectively, Btu/(hr) (sq ft)(deg F/ft) 
= length of fin section (see Fig. 2), ft 
= total equivalent length of fin side (see Fig. 6), ft 
= total quantity of heat transferred, Btu per br 
pressure drop of fin-side fluid, psf 
= DeG/» = Reynolds number, dimensionless 
= average temperature of fin-side fluid, deg F 
= average temperature of fluid inside tubes, deg F 
= average temperature of tube wall, (see Equation 
(7]), deg F 
weighted average temperature of fin surface and 
tube-wall surface, defined by Equation [8], deg F 
over-all heat-transfer coefficient (clean), based on 
A;, Btu/(hbr) (sq ft) (deg F log MTD) 
= linear velocity of fin-side fluid (at A,), fph 
= linear velocity of water inside fin tube, (see Equa- 
tion [2]), fps 3 
= fin thickness (see Fig. 2), ft 
effectiveness factor of fin surface only (see Fig. 4), 
dimensionless 
n’ = total weighted effectiveness of fin and tube surface, 
(see Fig. 4), dimensionless 
u = viscosity of fin-side fluid, evaluated at ¢, Ib/(ft) (hr) 
My = viscosity of fin-side fluid, evaluated at 7, lb/(ft) (hr) 
y = total wetted perimeter of fin side (fins plus outside 
of tube, plus inner surface of shell pipe), ft 
oe = density of fin-side fluid evaluated at t, lb per cu ft 
@ = viscosity ratio = (u/p,,)* and (u/p,,)%!4 for pres- 
sure drop in laminar and turbulent. flow, respec- 
tively (see Fig. 6), dimensionless 
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INTRODUCTION 


Double-pipe heat exchangers, having longitudinal fins attached 
to the outside of the inner pipe, have come into more and more 
general use in recent years as the advantages of this type of ex- 
changer have become better known. The most frequently used 
form of the double-pipe exchanger is the “hairpin” section. This 
design permits easy connection of the number of sections re- 
quired to perform the desired heat-transfer duty into a compact 
bank. 

Generally speaking, the best application of the longitudinally 
finned double-pipe hairpin exchanger is in transferring heat be- 
tween two fluids having unequal heat-transfer characteristics; 
the fluid having the higher rate of heat transfer flows through the 
innermost tube, and the fluid with the lower heat-transfer rate 
flows through the space between the two tubes, i.e., the fin, or 
shell side. Fig. 1 illustrates a typical installation of this type of 
exchanger. The bank consists of 20 hairpin sections arranged 5 
in parallel by 4 in series, This unit is used for cooling gasoline. 
Water, used as the cooling medium, passes through the inner 
tube, the gasoline flows through the fin side. 

Longitudinally finned double-pipe hairpin exchangers have 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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also been used extensively, and to great advantage, in transferring 
heat between two fluids having similar heat-transfer character- 
istics. In these cases the tube-side fluid generally flows at high 
velocity, utilizing the maximum allowable pressure drop, so as to 
secure the best coefficient possible, while the fin-side fluid may 
flow at moderate velocities. Also, in effecting transfers between 
fluids having unequal transfer characteristics, it is entirely 
feasible to pass the fluid having the lower heat-transfer properties 
through the center tube (in cases where the characteristics of the 
fluid makes this desirable) by using removable turbulence pro- 
motors on the inside of the tube. These turbulence promotors 
increase the tube-side heat-transfer coefficient at the expense of a 
higher pressure drop (8). 

Since the ratio of the total outside fin surface A to the inside 
tube surface A; is generally 5 to 1 and greater, the fin-side 
coefficient may be considerably lower than the tube-side coeffi- 
cient, yet, when the factor of relative surface area is introduced, 
the fin-side coefficient, corrected for the weighted fin effective- 
ness, may amount to a higher value than the value secured on the 
tube side. 

The primary purpose of this paper is to make available to 
engineers practical proved methods for evaluating the film heat- 
transfer coefficients and pressure drops of liquids flowing in the 
fin side of standard commercial-size longitudinally finned double- 
pipe heat exchangers. With the exception of the excellent 
pioneer paper by Gunter and Shaw (4), design data on double- 
pipe fin-tube exchangers are nonexistent. To provide these data 
a series of tests was made on standard hairpin exchangers manu- 
factured by the authors’ company. 

It is not the intention of this paper to present a theoretical 
analysis of the data reported; nor to make comparisons with ex- 
tended-surface-heat-transfer- and pressure-drop data reported by 
other investigators. It is, rather, the object of this paper to pre- 
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sent the results obtained clearly and concisely for not only ex- 
perienced design engineers but also for operating personnel. 


Trst APPARATUS AND PROCEDURE 


The test apparatus consisted of three standard double-pipe 
hairpin heat exchangers of the type described, and shown in Fig. 2 
(a). One exchanger was used as a heater and two as coolers, see 
Fig. 3. The entire equipment including the heater, both coolers, 
and all connecting piping was covered with l-in-thick standard 
insulation to minimize heat loss. 

Tests were run on exchangers using three different fin tubes (see 
Table 1), shown in Fig. 2(0), (c), and (d). Each hairpin consisted 
of two identical standard Brown resistance-welded fin tubes, 
taken at random from production runs and having 24, 28, and 36 
longitudinal low-carbon-steel fins, 1/2 in. high * 0.035 in. thick 
and 20 ft long, integrally bonded by overlapping spot welds, Fig. 
2 (e). The fin channels were evenly spaced around the perime- 
ter of 11/.-in. I.P.S. standard-weight seamless steel tubing. 
These fin tubes were welded to 180-deg steel return bends thus 
forming hairpins having a total 40-ft of fin length. The shells of 
the double-pipe heat exchangers consisted of two 3-in. I.P.S. 
standard-weight steel pipes welded to a housing which encloses 
the 180-deg return bend of the finned hairpin. 

Table 1 gives areas, surface ratios, and other physical data of 
the three different fin-tube hairpins tested. 

The fluids used in the tests were S.A.E. 40 and 50 lube oils and 
43 deg API kerosene. These fluids, in all cases, were circulated 
through the finned or shell side of the exchanger. Saturated 
steam, at pressures ranging from 10 to 100 psig, was used as the 
heating medium inside the fin tubes of the heater. City water 
flowing through the fin tubes countercurrent to the flow of the 
oil on the fin side was used as the cooling medium in the coolers. 
Flow rates, of both lube oils and water, were measured with 
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TABLE 1 PHYSICAL DATA OF FIN-TUBE HAIRPIN SECTIONS 
TESTED (SEE FIG. 2) 
INOS OF Finsisr, capstaress ooo plocotacs sues e/ciiecotnrem tee ase site 24 28 36 
Net free area fin side, Ac, sq ft.............008. 0.0285 0.0280 0.0275 
Hydrauho diameter, Die, ft... .000), cnc. oe ole ciel s 0.0346 0.0308 0.0251 
Ratios: 
Fin length L 
Hydraulic diameter, De............-+-+-+-- 578 650 797 
Fin surface only A srarcratelsioiaiereier 0.800 0.824 0.858 
Total fin-tube external surface, A i 
Tube external surface Ag..c cence 0.200 0.176 0.142 
Total fin-tube external surface, A 
Total fin-tube external surface, A 
Fin-tube internal surface Beeseu ssn « 5.93 6.72 8.30 
Total fin-side surface per hairpin section, sq ft 101 114 141 


calibrated displacement-type flowmeters. No flowmeter was 
used to measure the kerosene, as the kerosene flow rates exceeded 
the capacity of the meter. It was possible, however, to deter- 
mine the kerosene flow rate by a heat-and-material balance on 
the coolers, as a flowmeter was always used to measure the 
water rate. Temperatures were taken with standard A.S.T.M. 
mercury-bulb glass thermometers located in thermowells. Check 
thermowells were installed at several points, and, as a further 
check, the thermometers were interchanged at intervals. Pres- 
sure drops across the heater and each cooler were measured by 
differential mercury manometers. Pressure taps were located 
in the inlet and outlet nozzles, thus the pressure drop obtained 
included end losses. No calming sections were used as all the 
tests were made with standard commercial-size hairpin sections. 

In all runs the oil tested was pumped from the storage tank, 
through the heater and the two coolers in series, and back to the 
storage tank, as shown in Fig. 3. Each test run lasted from 15 to 
20 min after equilibrium was attained. Readings were taken at 
5-min intervals. Flow rates and inlet temperatures of the two 
lube oils were varied over wide limits to obtain the maximum 
spread of Reynolds numbers for each oil. Steam temperatures 
and water flow rates were also varied for a fixed oil-flow rate so 
that a wider range of film temperatures could be investigated. 
Heat balances to within 5 per cent were obtained in the different 
tests. 

Of the three fin-tube sizes tested, the Reynolds numbers have 
the greatest spread on the runs made with the fin tubes having 28 


fins. Runs with R up to 1000 were made with refined S.A.E. 40 
and 50 lube oils and above 1000 with commercial kerosene. The 
fin tubes with 24 fins were tested in the range from R = 20 to 800 
using refined S.A.E. 40 lube oil. Only a few runs were made 
with the tubes having 36 fins, and the same S.A.E. 40 lube oil 
was used. The heat-transfer and pressure-drop results of all 
the runs covered by this paper are shown in Figs. 5 and 6, 
respectively. The range of the Prandtl number was from a 
minimum of 11.0 to a maximum of 1625. L/D ratios are given 
in Table 1. 

The over-all heat-transfer coefficient was obtained by dividing 
the total heat transferred by the log MTD and the total inside 
surface of the fin tubes 


sitio 
Us = og MTD)(A) 


For the steam-side coefficient, the value h; = 2500 was used, as 
this figure was considered to be in line with field operation. For 
heating lube oil, a maximum deviation of 4 per cent would 
result by assuming steam-condensing coefficients ranging from 
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1500 to 5000 Btu/(hr)(sq ft)(deg F). For heating light fluids 
such as kerosene, with Reynolds numbers over 1000 where the 
fin-side coefficient would be higher than that for heating lube oil, 
the deviation would be greater. The water-side coefficient was 
calculated by the equation as given by McAdams (5). 


150(1 + 0.0117)(V')-8 


h; =o (D 0.2 ed ee ne Ree A ar [2] 


The fin-side film coefficient hy for the three sizes of fin tubes 
tested was then calculated readily from the equation 


1 


1 1 


1 
tee ah Ear re EY: 3 
U; et he Palle [3] 


and the curves shown in Fig. 4 which employ the Harper and 
Brown (6) method of computing fin efficiency. 


EVALUATION OF Ty 


The term p,, as used in this paper to correlate the heat-transfer 
and pressure-drop data, denotes the viscosity of the fin-side fluid 
evaluated at the weighted average temperature of the finned 
surface and the outside bare surface of the tube, herein designated 
by Ty. No satisfactory method for evaluating 7’, for tubes hav- 
ing extended surface could be found in the available literature. 
Consequently, the method for determining 7’,, illustrated subse- 
quently and the values obtained by using this method were 
used in calculating the results reported in this paper. 

The derivation of the equation for 7’, is based on a heat bal- 
ance between the fluid inside the tubes and the fluid on the fin 
side, and the corresponding surfaces. Thus when the hot fluid is 
inside the fin tubes and the cold fluid in the shell side, the heat 
transferred per unit area of inside tube surface can be defined by 
the equation 


2 Sahl CAG Heed 1 te tee Aare ae. Bs Be {4] 
also 
h(l—T,) = ha'(P,—DA/A;-......-..-- [5] 
and again 


A(T —T,) = hf(T,— thA/Ay....0- cee. [6] 
Solving Equation [5] for 7, 
_ AT + ht A/A; 
he + hy 'A/A, 


Substituting the expression for J; in Equation [6] and solving for 
T» it is found that 


qT, 


re n'h(T — t) 
° hy + hyn’A/A; 


When the cold fluid is in the inside of the fin tube and the hot 
fluid is on the fin side, it is found that Equation [8] is the same 
and can therefore be used for both heating and cooling. 

In the foregoing derivation the assumption is made that there 
is no temperature gradient across the tube wall of the fin tube. 
This was a reasonable assumption as the equation for 7’,, would 
be more complicated if this assumption were not made and the 
effect on 7',, would be small. 

Temperature 7’, is evaluated by successive approximations of 
hy and finding the corresponding 7’. All the other terms in 
Equation [8] are either known or are previously calculated. 
Generally, a first approximation suffices, as an error in T,, is 
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greatly reduced when the corresponding y, is raised to the frac- 
tional power of 0.14 or 0.25. 


Heat-TRANSFER RESULTS 


The heat-transfer data were correlated by the Colburn (1) 
heat-transfer factor 7, modified by Sieder and Tate’s (2) viscosity 
correction (u/,,)~® 14 giving the dimensionless expression 


hy (cw 2/3 nye 
Jj -%() oy ait Sdbohs “Anca [9] 


The reason for using this method of correlation is that one curve 
can be used for heating and cooling for each fin-tube size. Also 
the same method was used by other investigators (4, 7), reporting 
data on heat transfer for extended surface. 

The results for the 24- and 28-fin fin tubes plotted in Fig. 5 
show that good agreement is obtained between heating and 
cooling in the range of R covered, indicating that this method of 
correlation is valid. 

The results of the heat-transfer data obtained for the 36-fin fin 
tubes are not shown in Fig. 5, since only a few runs were made 
with this fin-tube size. A sufficient number of tests were made on 
this fin tube to determine the slope of the curve plotted for these 
data. The results obtained were in accord with the findings re- 
ported for the 24- and 28-fin fin tubes, when allowance was made 
for the higher L/D, ratio for the 36-fin fin tube. 

Inspection of the plotted results for the 28-fin fin-tube tests 
shown in Fig. 5 indicates that the transition between laminar 
and turbulent flow begins between R = 200 to 300. This is also 
indicated, to a lesser extent, by the results of the 24-fin fin-tube 
tests also shown in Fig. 5. Additional runs, not reported in this 
paper, made with other fin-tube sizes also gave similar results; 
i.e., the transition began at R < 300. 

This phenomenon was also observed by Gunter and Shaw (4), 
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who reported the results of numerous tests heating oils in a similar 
double-pipe exchanger, using smaller fin tubes. They point out 
the analogy that an increase in the friction factor f normally in- 
creases the heat-transfer coefficient h. The pressure-drop results 
reported in this paper (see Fig. 6) show an increase in f over that 
normally expected for the isothermal f for circular ducts at 
Reynolds numbers ranging from 400 to 3000. In view of this 
it is not surprising to expect a break in the heat-transfer curve at 
around R = 300 to 400. 

The data presented here are based on clean surfaces. For 
design purposes fouling rates as recommended by T.H.M.A. (8) 
should be used. 


PREssuRE-Drop RESULTS 


The pressure-drop data obtained were evaluated by the general 
sothermal Fanning equation, modified by adding the Sieder and 
Tate (2) function (/y,,)925 in the laminar-flow region and 
(u/u,,)*4 in turbulent flow, to make it applicable for both heating 
and cooling liquids. The pressure-drop results are shown in Fig. 
6 for all three sizes of fin tubes tested. 


Sieder and Tate (2) found that the friction factor for liquids 
inside tubes in nonisothermal flow would fall on the isothermal f 
when multiplied by 1.1(u/y,,)%25 and 1.02(u/u,,)9-14 in the lami- 
nar- and turbulent-flow regions, respectively. In this paper 
better correlation was obtained by omitting the constants 1.1 and 
1.02. 

Since the pressure taps were located in the inlet and outlet noz- 
zles of each hairpin section, Fig. 3, end and return-bend housing 
losses were included. It was found that these losses could be 
adjusted by increasing the actual length from 40 to 45 ft equiva- 
lent fin length. 

Fig. 6 shows excellent agreement between the isothermal line 
and the plotted results for R < 400. Between R = 400 to 1000 
the results obtained are slightly higher than the isothermal curve, 
indicating that the transition between laminar and turbulent 
flow may start at R = 300 to 400. At R between 3000 and 
12,000 the data are again in good agreement with the isothermal 
curve. 

Originally the data were plotted using («/p,,)°-?5 and (u/1,,)%}* 
for R < 2100 and R > 2100, respectively. It was found, how- 
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ever, the correlation for heating and cooling was improved by 
using the factor (u4/p»)!4 for all values of R above 400. This 
finding provides an additional argument that the transition be- 
tween a laminar and turbulent flow, for liquids flowing in the fin 
side, begins at a Reynolds number considerably below 2100. 
Both the heat-transfer and pressure-drop results substantiate 
this point. 


CONCLUSIONS 


1 Heat transfer on the fin side of longitudinally finned double- 
pipe exchangers for both heating and cooling is correlated by the 
conventional j factor corrected by u/u,, for viscosity gradient. 

2 Correlation of the pressure drop for three sizes of fin tubes 
tested in both heating and cooling was in excellent agreement 
with isothermal pressure drop for values of R below 400 and also 
for R above 3000. In the range of R between 400 and 3000, 
pressure drop was greater than that predicted by the conven- 
tional Fanning equation. 

3 The breaks in both the heat-transfer and pressure-drop 
curves indicate that transition between laminar and turbulent 
flow begins at R < 400. 

4 It has been found that the usual methods for evaluating 
heat transfer and pressure drop for liquids inside tubes are 
applicable for liquids in the fin side of finned double-pipe ex- 
changers. The equivalent diameter used in both cases was the 
hydraulic diameter, D, = 4A,/W. 
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Discussion 


A. Y. Gunrrer‘! anp W. A. SuHaw.® The authors are to be 
complimented on their paper covering double-pipe longitudinal 
fin-tube heat exchangers. 

After accounting for slightly different methods of obtaining 7, 
and fin effectiveness, their data on heat-transfer and friction fac- 
tors check very well with the results published in a previous paper 
by the writers.® 

It is gratifying to note that these data cover a much wider 
range than the writers’ previously published material and should 
be of added benefit to design engineers in this field of equipment 
rating. 

It is suggested that a table giving the range of variables covered 
in their tests be provided so that the extent of accurate applica- 
tion of the data will be made known to all concerned. 


AvurTHoRs’ CLOSURE 


The table below gives the range of variables covered in the tests 
reported. 


G from 63,800 to 665,000 
R from 7.5 to 12,800 


* from 11.0 to 1625 


“ from 0.274 to 3.45 
Hw 


A statement on the effect of using an assumed value of 2500 
Btu/(hr) (sq ft) (deg F) for the condensing steam coefficient has 
been added to the text of the paper. It must be remembered that 
the tests reported were made on hairpin sections having 20 ft 
Qin. continuous fin. For shorter fin lengths an adjustment must 


L 
be made for the change in D, ratio. 


4 Director of Development, Alco Products Division of the American 
Locomotive Company, New York, N. Y. Mem. A.S.M.E. 

5 Development Engineer, Alco Products Division of the American 
Locomotive Company, New York, N. Y. Jun. A.S.M.E. 

6 Refer to authors’ bibliography (4). 
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Numerical Methods eae Transient Heat Flow 


By G. M. DUSINBERRE,! BLACKSBURG, VA: 


This paper deals with the application of numerical 
methods for the solution of heat-conduction problems, 
their generality being extended in the following ways: 
(a) A modulus is developed by choice of which the worker 
may proceed most rapidly to a solution, or may proceed 
more slowly and with greater precision; (6) criteria are 
developed for the choice of modulus to insure convergence. 
This is most important at a convective surface; (c) a 
method is developed for handling k and ce when these prop- 
erties vary independently with temperature. A compre- 
hensive Appendix gives the derivations, and the use of 
equations and charts is demonstrated by typical ex- 
amples. 


NOMENCLATURE 
THE following nomenclature is used in the paper: 


k = conductivity 
c = specific heat 
p = density 
t = time 
Ai = a small finite time interval 
Z, Y, 2 = space co-ordinates 
Az = a small finite distance 
T = temperature 
T’ = temperature after an interval At 
h = surface coefficient of heat transmission 
M = modulus relating Ar and At 
N = the ratio hAx/k 
F = a coefficient 
C = a temperature change 
p = aratio of specific heats 
q = a ratio of conductivities 


GENERAL 


The conventional treatment of heat conduction problems, since 
the time of Fourier, has been by analytical attack on the general 
equation 


oO or if oO or re) i oT oT 
Ox ox oy 
This is quite unmanageable as it stands. Fortunately, the varia- 
tion of k with orientation and temperature, and of c with tempera- 
ture, are often negligible within the required accuracy of a par- 
ticular problem, so these properties are taken as constant. It is 
generally necessary also to impose certain simplifications on the 
boundary conditions. Under these assumptions a literature has 
grown up, too extensive and too familiar for detailed reference. 
Solutions arrived at in this way are known, somewhat strangely, 
as “‘exact’”’ solutions. 
Recently some attention has been given to numerical and 
graphical methods. A few of the more accessible references are 


1 Department of Mechanical Engineering, Virginia Polytechnic 
Institute. Mem, A.S.M.E. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27-Dee. 1, 1944, of Tux 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


given in the bibliography (1, 2, 3).2. These treat generally of the 
simpler cases. There remains then a wide range of engineering 
problems for which no analytical solution exists, or for which the 
analytical solution is intolerably complex. Many of these yield 
to the method of analogous electrical circuits (4), but the neces- 
sary apparatus may not be available when and where needed. 
Numerical methods can be used by any engineer at any time. 

We extend the generality of these methods in the following 
ways: 


(a) A modulus is developed, by choice of which the worker 
may proceed most rapidly to a solution, or may proceed more 
slowly and with greater precision. 

(b) Criteria are developed for the choice of modulus to insure 
convergence. This is most important at a convective surface. 

(c) A method is developed for handling k and ¢ when these 
properties vary independently with temperature. 


Derivations will be found in the Appendix. The use of the 
equations and charts will be demonstrated by examples. 


ExameLe 1 IJLLUSTRATING FLEXIBILITY oF NumMERICAL MrrHop 


Example | is set up to illustrate the flexibility of the numerical 
method. A relatively complex situation is analyzed by a com- 
bination of simple procedures. The assumptions are to be taken 
as merely typical and perhaps not the most accurate that might 
be made. ; 

A large cast-iron slab 1 in. thick lies on a bed of insulating 
material. Slab and surroundings are at 100 F. A large copper 
slab 2 in. thick, having been heated uniformly to 400 F, is placed 
on the iron slab and sprayed with water at 100 F. 

Required. The cooling curves at !/:-in. intervals in the two 
slabs, down to a surface temperature of 300 F. 


ig 
2 - 
e 


e 
fo) ths ody ures 


© 
ee Sew On 7, 


Woter ‘Iron Insulation 


Copper 
Fie. 1 Rererence Pornts ror EXAMPLE 1 


Assumptions. Edge effects may be neglected, making the 
flow one-dimensional. Surface resistance between the slabs is 
negligible. Conduction from iron to surroundings is negligible. 
The following values of metal properties may be assumed as con- 
stant: Copper, k = 218, c = 0.094, p = 556; Iron, k = 27,c = 
0.118, p = 442. The surface coefficient h may be assumed 500 at 
400 F, 700 at 350 F, and 900 at 300 F. 

Solution. Reference points are as designated in Fig. 1. The 
following preliminary calculations are made, the derivation and 
significance of which are given in the Appendix: 


Meu _ 0.094 X 556 X27 _ 4 94 
Myre 0.118 X 442X218 
Nmax = es DD aierypyp 
24 X 218 


2N + 2 = 2.34 < 3 


2 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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Choosing 
Mou = 3, Mre = 3/0.124 = 6 
0.094 556 
Ye ee pI N SEY The CeO) 
3X 218 X24 X 24 0.000 ny 0.5 see 
400 .094 X 556 + 100 * 0.118 & 442 
eiSig ell Tale ee re 


0.094 K 556 + 0.118 XK 442 


1200 8\/200B8|/0505|/56 


0.5|/00|380 5501293 


fa 102 |1/80|//50 |\/Oa3 

| 2 [40 |/00 aC 393|583|348|304|//4| 
0,089 C 1/6 /a 
0.244 CE ny L151) HM2A\/OSS es -s 33 
0.667 C|\262 


PS [7s] > [ved\se4375|345[577 720703 


Notes: rr We add aE OUR to get Ti’. The 
same ‘weighting procedure is used at points 5,617 
B. We addi,z ands and divide by3 to get 
Te’, This ‘averaging procedure is used ot points 3*4, 
C.T having reached 375, we change fat Fu. 
D. Remaining work omitted,for brevity. 


Fie. 2 Sampite Work SHEET FOR EXAMPLE 1 
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An “averaging” procedure is available for points 2, 3, and 4. 
Coefficients used for other points are calculated and entered on 
the work sheet, Fig. 2. Additional coefficients for point 1 are 
given in Table 1. 
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TABLE 1 COEFFICIENTS FOR EXAMPLE 1 
T1 h N Fo Fu Fu 


400 — 375 500 0.096 0.064 0.269 0.667 
375 — 325 700 0.134 0.089 0.244 0.667 
325 — 300 900 0.172 0.114 0.218 0.667 


The calculations are then performed according to the work 
sheet. Results are shown graphically in Fig. 3. 


Examp_Le 2, ILtustratTinc ProceDURE WHEN k Varies WITH 
TEMPERATURE 


Example 2 is chosen to illustrate the procedure when k varies 
with temperature, and because an experimental solution is availa- 
ble for check. This is the subject of a paper by Bradley and 
Ernst (5). 

A furnace is operated cyclically, on 8 hr and off 16 hr. During 
operation the hot-side temperature is as near 1900 F as possible. 
The ambient temperature is 100 F. The furnace wall is laid up 
with a single course of brick, headed to the fire, giving a thick- 
ness of 9 in, 

Required. - The time-temperature curves for the euter surface 
and three interior points of the wall, and an estimate of the daily 
heat loss when the furnace has reached an equilibrium cycle. 

Assumptions. The T — k relation for the brick is given in 
Table 2, and ¢ = 0.23, constant. Strictly, we should assume the 
furnace airtight with no heat losses from the interior while 
secured, or else assume a rate of air leakage. But to permit a 
closer comparison of results we use the experimentally measured 
fire-side surface temperatures as “‘feed-in.’””’ The same was done 
with the electric analyzer, as described in reference (5). A rough 
steady-state analysis shows that the outer surface temperature 
will rise less than 100 deg F above the ambient, so the fluctuation 
here will not be great. We estimate h to be 2.4 and assume that 
its variation can be neglected. 


TABLE 2 SAMPLE CALCULATIONS FOR FIG. 6 


fT. 
z k* AT AT 
; je Dw 
100 als an 
94 
200 5 ete 94 
96 
300 ae mS 190 
: 98 
400 9.99 1.000 288 
101 
500 “i Ae 389 
104 
600 1.04 1.050 493 
107 
700 ius ae 600 
110 
800 Veh 1.121 710 
114 
900 én Sau9 824 
118 
1000 1.19 1.202 942 
123 
1100 1065 
127 
1200 1,29 1.303 1192 
135 
1300 ae éve 1327 
139 
1400 1.42 1.434 1466 
148 
1500 1614 
153 
1600 1.56 1.576 1767 
162 
1700 1929 
170 
1800 1.73 1.747 2099 
179 
1900 2278 
189 
2000 1.91 1.929 2467 


* Conductivity was reported on a “‘per-inch”’ basis. 


Solution. 


Ax has been set at !/, the length of the brick, 0.1875 
ft. We designate reference points as in Fig. 4. Preliminary cal- 
culations are as follows: 
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"CORRECTION" CHART 
or 
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Datum: Temperature 400 
Conductivity 0,0825 
Spe oe Heat 0235 
Density Gl 


Heat constant, Gna=—Cam 
Poaeaited below 4o0rF) 


100 2000| Tm 


Oo 


Fie. &5 Correction Cuart ror JM-20 Brick 


° / eS. 
Air Brick furnece 


Fie. 4 Rererence Points ror EXAMPLE 2 


Amn max = 1,900,100 = 2278/1800 = 1.264 
M 2 2 X 1.264 = 2.53 


Steady-state analysis shows 7 S 800 F, and 


Gai max = Qs00,10 = 710/700 = 1.014 - 
M 23 X 1.014 = 3.04 
N= 2.4 X 0.1875 are 
0.0825 


M 2 2(5.45 + 1) = 12.90 


The conditions are such that we can disregard the last restriction. 
Choosing M = 3.04 


0230-3154 01375% 
At = ——————__——— = | hr 
3.04 X 0.0825 
We have a previously prepared ‘‘correction” chart for the mate- 
rial, Fig. 5. We convert this to the chosen modulus, drawing the 
diagonal lines shown in Fig. 6. The chart now shows, for an 
interior point, the change during At due to the temperature at an 


adjacent point. For the outer surface we calculate the auxiliary 
diagonal lines at the lower left. 

Starting with the initial distribution and taking 7’; from the ex- 
perimental data, we calculate the succeeding temperatures. The 
results for three days are shown in Fig. 7. The fourth day was 
practically a repetition of the third, showing that an equilibrium 
cycle had been reached. 

The complete work sheet is too long for reproduction but we 
show for example how the temperatures for the 58th hour are ob- 
tained. At the 57th hour we have 


Pomt:eenee ere 0 1 2, 3 4 5) 
100 175 620 1075 1440 1500 


Using Fig. 6 we find the “corrections” for each point 


—Co Cu —Ce Cn =—Cex Cu =—Cu Cus 
60 65 150 175 160 30 


These values are entered directly on the work sheet, Fig. 8. 

If we were not using experimental data for point 5 and wished to 
assume no air leakage, we should use C4, = —2Cu, whence 7's = 
1440. 

The calculated heat flow for the equilibrium cycle is 3430 Btu 
per sq ft per day. From the experimental curves the figure is 
3350. This agreement should be satisfactory for most purposes. 

A slight overshooting can be observed at several points in 
Fig. 7. This will occur when the temperature changes rapidly, 
especially with a minimum M. When greater precision is re- 
quired, the remedy is to use a larger M, and the cost is extra work. 
In this problem it could be foreseen that the 7, curve would 
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Density 


POR GECTI ONS CHART 


or 
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Datum: Temperature 400 
Conductivity Y e 
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Fie. 8 Sampre Work Suet ror EXamMpye 2 
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Fie. 7 TrmMprrRaTURE CURVES FOR EXAMPLE 2 


overshoot at the beginning and end of the heating period, so half- 
intervals were used as shown in Fig. 7, 


CoNCLUSION 


These examples have shown the use of a number of the pro- 
cedures outlined in the Appendix. Many other combinations are 
possible, permitting investigation of a wide range of heat-transfer 
problems. Applications suggest themselves especially in metal- 
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‘CORRECTION’ CHART 
for Ingot Iron 
DotumiTempercture O 
Conductivity 0/7 E 
Sp.Heat 0/04 
Density LEP 


C.6.5.-Centigrade Units, 


Fie. 9 CorrecTION CHART FoR INGoT IRON 


lurgical processes where k, c, and h vary greatly. Fig. 9 is ex- 
hibited to show the form the correction chart may take for a 
metal in which k has a range of about 4:1 and ¢ about 3:1. 
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Appendix 


1 Regarding k and c as constant for the present, and flow as 
one-dimensional, we consider Fig. 10 an element of the mate- 
rial centered at 2. The dimension Az has some small value con- 
sistent with the practical requirements of the problem. The ele- 
ment 2 is insulated except where it adjoins element 1, which is no 
larger than 2. At time ¢ the temperatures are 7, and T2 and the 
gradient is (7; — T2)/ Az. 


+-Ax— 


AX 
Fic. 10 Onze ADJACENT ELEMENT 


We now make three important assumptions: 


(a) A time interval At can be chosen sufficiently small that 
there is negligible error in using the initial gradient (7 — T2)/ Az 
to compute the heat flow during this interval. 

(b) Time interval At is sufficiently small that there is neg- 
ligible error in neglecting the effect on 2 of any region beyond 1. 

(c) Az is sufficiently small that there is negligible error in 


using the temperature at point 2 to compute the heat capacity of 
the element 2. 


Under these assumptions we can write the following heat bal- 
ance 


KA Cy — 22) =scp Aak (Me 1 5) es es cae [2] 
We introduce a modulus defined as 
DV = Cp NG2/ KAU Saget Wetec eretete oleate (3] 
Then Equation [2] becomes 
fA) emt WATE) WS MS BF) a [4] 


Under our assumptions, 7'’2 cannot, in any At, attain a value 
more than half way between the initial values 71 and T2; that is 


Pg =— T; Ss 1/,(T; — T2) and M Za DN [5] 


This is the first criterion for a valid numerical procedure. 

2 Now consider element 2 as lying between two similar ele- 
ments, Fig. 11. The heat flow from 3 is additive to that from 1, 
and 


Qr— TF (i — 1) = MET) [6] 


Fig. 11 Two Apsacent ELEMENTS 


We may put this in three different forms as follows 


Th = TM + (M—2)T.4+T; 
bid M 


This defines what we may call an “averaging” procedure. 
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It is the quickest and most convenient since it involves only two 
arithmetical steps for each computed point, namely, one addi- 
tion and one division. 


Or 
T', = Fils - Bale + Peslyh Soe 2+ ese. {8] 
in which 


Fy =Fsy=1/M Fe =(M—2)/M ZF =1..... [9] 


This defines a “weighting” procedure. It involves three multi- 
plications and one addition. 
Or 


To otes Ts Oma Ogee ae eee {10] 
in which 


Cz = (Ti —T:)/M Cx = (T3 —T2)/M...... [11] 


This defines a “correction”? procedure. It involves two sub- 
tractions, two multiplications, and an algebraic addition. How- 
ever, the work can be simplified by the use of a chart, and this is 
our best recourse when thermal properties vary with temperature. 

In Equation [7], if we give M its low limiting value of 2, we get 
the Schmidt’ formula, T’2 = (71 + T3)/2. This says that the 
temperature at a point depends upon the previous temperatures at 
adjacent points but not upon its own previous temperature.‘ 
Starting with a constant temperature in the material, this 
method gives rise to a stepwise time-temperature plot, though by 
“cranking-in” the initial calculation from an analytical solution, 
this can be avoided (1, 2). The choice of modulus 3 gives 7’, = 
(T, + T. + T3)/8, which is about as convenient as the Schmidt 
formula and has a number of advantages. 

A further justification of Equation [5] can be had from Equa- 
tion [8]. If M < 2, then Fx: < 0, which says that JT’, depends on 
T2 in a negative sense. Intuitively, this seems absurd. No for- 
mal proof can be offered here,® but it would appear that we may 
take as a general criterion 


3 Ata surface where convection occurs, the reference points 
may be disposed as in Fig. 12 (a) or (6). Formulas may be de- 
veloped for (b), and these have certain advantages, but as we 
are generally interested in the surface temperature, we confine 
attention here to (a). 

The point 0 in Fig. 13 is taken in the adjacent medium at 
some distance where the gradient normal to the surface has be- 
come negligible. We make use of a surface coefficient h which 
is to include the effect of convection and radiation. Temperature 
Ty and h may vary, so long as they may be regarded constant 
overany At. Under our assumptions the heat balance is 


k At(T:— T;) + hAx At(To— 71) = ep Ax?(T’1 — T1)/2. . [13] 
We define a “Nusselt number’ 
1 ea) PRC AER SR AS ne A Airy A ao) {14] 


Introducing M and NV 


M 
(Ty NEGA hy eT oe [15] 


3 Max Jakob (Trans. A.S.M.E., vol. 65, 1943, p. 613) states that 
the method should be credited to L. Binder. 

4 After the calculation is under way, the temperature at a point 
does depend on the value at the second preceding time interval. 

5 In a paper under preparation, C. M. Fowler undertakes a formal 
mathematical investigation of the convergence of these methods. 
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If 7, = Ti, a very common initial condition, then 


2 
T'3 rao T; s 3 (T; — T,) and M ie Cee eS [16] 


If we write Equation [15] in the form of Equation [8] 
Fn =2/M, Fa =2N/M, and Fy = (M—2N —2)/M..[17} 
Then if we are to meet the condition of Equation [12] 


M-= 2N---2o0n 2s ih istieratee anes {18} 


In choosing M, we should be guided by whichever of Equations 
{16] or [18] is more restrictive, using of course the largest NV 
which occurs in the problem. 

If N is large, observance of these criteria may be inconvenient. 
Provided the surface temperature does not fluctuate much from 
the steady-state value (but not otherwise), a permissible ap- 
proximation is to jump at once to the steady-state relations (1) 


Fy = 1/(N + 1), Fy = 0, Fou = N/(N + 1)...{19] 


At a well-insulated surface h, N, and Fo, may approximate 
zero. 

4 Ina heterogeneous wall, Fig. 14, materials 2 and 4 have 
different properties. Time interval At must be the same for all 
layers. Ifit is convenient to choose 


Aae/ Aas = V kocups/ keCope 


then the same modulus applies in both regions. But Equa- 
tion [3] allows more freedom in treating such cases. For ex- 


(£) 


Two PossisLE REFERENCE SysTEMs 


Fie. 14 A Herprocenrous WALL 
ample, if we wish to keep Az the same in both regions it is only 
necessary that 


M2/My = copsks/cspske 


We choose M for the region in which it is lowest and use an aver- 
aging procedure here, and weighting procedures elsewhere. In 
this case, for point 3, the weighting formulas become 
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Fu = 2he/ (ko 2 ae kM), Py = 2k/ (ke 2 siz kM), 


Fy = 


If two materials at different temperatures are placed in good 
thermal contact, the initial 7; may be taken as a weighted mean 
with respect to cp Ax in the two regions, by conservation of energy. 
If there is an appreciable interface resistance, the surfaces are 
treated under section 3, 

A homogeneous material may be treated under varying Av and 
M if we wish to study changes more closely in certain regions. 

5 Sensible heat may be absorbed within the material by a 
phase change or chemical reaction and may be produced by these 
phenomena and by electrical means. In the last case it is only 
necessary to add, at each point involved, the temperature rise 
during each At, which is the energy supplied divided by the 
heat capacity of the element. 

Where a latent heat exists, temperature changes are delayed. 
When the calculated temperature at a point passes the phase- 
change temperature, we subtract the excess, making an account 
of it, and continue the calculation using the phase-change tem- 
perature. When our account of excess degrees reaches the value 
L/e we discontinue the account and use the computed tempera- 
ture. 

6 Weighting equations are readily derived for the effectively 
one-dimensional radial flow in a long cylinder, Fig. 15. M 2 4 
and F,,, ~ Fim, etc. The uniform Az shown may be prefera- 
ble to a possible logarithmic spacing when we are interested in 
gradients near the surface. 


«—Ax-— 


Fie. 15 Rererence Points IN A CYLINDER 
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Fie. 16 A Two-DIMENSsIONAL SysTtEM 


7 From Fig. 16 we can derive equations for two-dimensional 
flow. For the interior, M = 4 and preferably M = 5. There is 
no great additional difficulty in allowing for a & variable with 
orientation. 

8 We now take up methods useful when k and ¢ vary inde- 
pendently with temperature. Inspection of Equation [1] shows 
that the concept of diffusivity is not applicable here, which is 
why we have not introduced it. 

In order to continue the use of the modulus already developed, 
it is convenient to select a datum temperature to which the 
subscript d refers. 


Then 
M = Cap Az?/kaAt 


Pr = Cnhcr In a k,,/Ka eee ee {21] 
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Referring to Fig. 11, the heat balance is now 
Kyo A(T, — T2) + keg At(T3 — Tr) = cop Av?(T'2 — T2) . . [22] 


Double subscripts here indicate a mean value. 
[21] 


Using Equations 


m2(T, — T2) + Qs2(T2 — Tr) = p,xM(T’, — T2).... [23] 


If we put this in the form of Equation [10], then, corresponding to 
Equation [11] 


Cie = aT, a T 2) /poM and Coe = Qs2(7's = T2)/p2M . 2 [24] 


These formulas are the basis of the ‘correction’? chart. The 
trouble of computing and plotting this chart may be justified by 
the fact that it can be used for any problem with the material to 
which it refers. 


Any C,,, can be taken as 


Ee] LE] re 


The last factor amounts to 


™m 
se 
n keg 


If the 7 — k relation is expressed by a table, we integrate nu- 
merically; if by an equation, we can integrate formally. In 
either case, construct a table of this factor over the required 
range of T,,, T,. Introduce the second factor by dividing each 
entry by p,. This gives a table of C,,, to modulus 1. Plot (a) 
horizontal straight lines of 7, to a uniform scale, (6) straight 
lines of C,,,,, to a uniform scale, inclined about 30 deg to the right 
of the vertical, and (c) curves of T,,, inclined to the left and non- 
uniform. Erase the C,,, lines and the chart is like Fig. 5 or 9. 
It can be converted to any desired modulus by drawing new 
diagonal lines to the appropriate scale. 


Table 2 shows part of the calculations for Fig. 5. The 7 —k 
data are from reference (5). In this case c is constant, p drops 
out, and C,,, = —Cyn,, 80 only half the chart need be drawn. 


9 For a convective surface the equations are analogous to~ 
those derived in Section 3. We redefine N as hAz/k,;. As be- 
fore, we must give attention to the maximum WN occurring in 
the problem, and also to the maximum q/p ratio. Referring to 
Fig. 13 : 


Cu = 2qn(T2— T1)/pM Cu = 2N(Ts — T1)/piM.. . [25] 


Cy, at a surface is then double the value from the chart. 
Criteria corresponding to Equations [16] and [18] are 


Ma =23(Guiy/pivee 202 (Nie tagn)/ pie ase [26] 


Steady-state approximations corresponding to Equation [19] 
are 


Cn = galT:—T,)/(N + Gar) Ca = N(To— T1)/(N + qui). . [27] 


If conditions are nearly steady at a surface, we can plot the 
results as auxiliary lines on the correction chart. Otherwise we 
must tabulate. 
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Discussion 


C. M. Fowuer.* The author’s two representative problems 
seem to dispose of the practical side of the theoretically unsolved 
cases where both thermal properties and transfer coefficients are 
functions of temperature. 

The writer has had occasion to study heat flow through steel 
specimens for the purpose of determining hardness distributions 
throughout specimens after quenching, and to his knowledge, the 
work done so far on this problem has been confined to cases where 
transfer coefficients and thermal properties are assumed constant 
over the quenching range, with no account being taken of heats 
of phase change in the steel. It is the writer’s opinion that the 
numerical study of the heat flowin, say, a circular cylinder or 
slab taking into account the variable properties mentioned 
would be of real value in making more accurate predictions of 
“after-quench” hardness distributions of these specimens. 

In the actual mechanics involved in solving a problem, the 
author develops a restrictive criterion for the modulus, M = 2, 
Equation [5]. For all practical purposes this is true. How- 
ever, the assumptions used in deriving this criterion are actually 
more restrictive than necessary for many problems, and in a 
paper under preparation the writer has shown that in some cases 
M may be as low as 1 which, as the author points out, is in- 
tuitively absurd. It appears to the writer that most of the cri- 
teria developed for both the modulus and the surface transfer 
coefficient N have been demonstrated under conditions more 
restricted than those actually called for in the problems under 
consideration. 

The writer would also be very much interested in seeing some 
problems worked out involving a phase change such as the 
author suggests in the Appendix, Section 5. 


W. A. Hapuiey.? It would appear to the writer that the 
method described in the paper would be even more useful in 
evaluating unsteady-state diffusional processes, such as drying, 
carburization of steel, etc., than heat transfer. In general, most 
diffusional processes are not steady state and must be analyzed 
mathematically by making untrue but simplifying assumptions. 
It would appear that the paper offers every engineer a simple but 
powerful tool whose use will permit him to analyze closely dif- 
fusional processes which he could only approximate before. 

Will the author please verify this contention? 


Victor Pascuxis.8 The numerical method is a powerful tool 
and any paper which attempts to make this tool more acceptable 
is to be welcomed. 

In studying the paper the writer notes in particular the fol- 
lowing observations of the author: 

1 That “... under our assumptions 7’, cannot in any At 
attain a value more than halfway between the initial values 
T, and T,...” Whereas this statement is certainly correct, it 
would help the reader unfamiliar with the basis of this method if 
this point would be clarified. 


6 Department of Marine Engineering, United States Naval Acad- 
emy, Annapolis, Md. 

7 Ensign, U.S.N.R., Department of Marine Engineering, United 
States Naval Academy, Annapolis, Md. Jun. A.S.M.E. 

8 Research Associate, Department of Mechanical Engineering, 
Columbia University, New York, N. Y. 


TRANSACTIONS OF THE A.S.M.E. 


NOVEMBER, 1945 


2 At another point the author states, “intuitively it seems 
absurd that 7’, should depend on Tin a negative sense.’”’ Proba- 
bly one could establish a reasoning from which such a depend- 
ence could be calculated and therefore the formal proof which is 
forthcoming will be of high interest. 

3 In Fig. 3 curve 4 on the left side shows a remarkable dis- 
continuity at approximately 0.8 sec. This discontinuity has 
either to be attributed to too coarse a lumping or to an error in 
the procedure. Clarification of this point would be helpful. 

The author mentions the electric-analogy method in which the 
writer is particularly interested. He states, “the necessary 
apparatus may not be available when and where needed. Nu- 
merical methods can be used by any engineer at any time.”’ It is 
the opinion of the writer that each method (numerical and electric 
analogy) has its useful applications. The fact that a “heat-and- 
mass-flow analyzer’’ is available in only one or two places does 
not appear to be a legitimate reason against the method. For all 
cases where the electric method is a more powerful tool it should 
be applied, and when the numerical method is better, it should be 
applied. It appears that the refinements presented in the paper 
make the last part of the author’s statement a bit doubtful. 
The rules and procedure become so complicated that many engi- 
neers in the field may not have the time to familiarize themselves 
with the necessary steps. Moreover, it appears to the writer that 
the electric-analogy method has unusual educational values in 
showing the observer, on instruments, what is going on in the 
pieces subject to heat flow. 

Finally it should be noted that the numerical method and 
the electric-analogy method have in common the necessity of 
lumping. But the electric method does not in most instances 
call for any lumping of time, and in those cases where lumping 
of time is required it is never an entire lumping. The numerical 
method is of course based entirely upon lumping in time as well as 
in space, which is obviously a disadvantage as against the analogy 
method. 

In the presentation, the author brought up the problem of con- 
stant properties of materials, and in problems dealing with 
metals, the desirability of working with the actual specific-heat 
and conductivity curves which show a temperature dependency. 

The writer feels that the practicing engineer will by and large 
make use only of such engineering knowledge as is reduced to 
charts and graphs or to material available in handbooks. Often 
he has not the time to work out numerically any type of prob- 
lem. 

Now, if curves with dimensionless parameters should be used, 
the introduction of changing properties increases the necessary 
number of charts very considerably. For example, in quenching 
the introduction of each phase change adds three parameters to 
those necessary for representation in dimensionless units. The 
consequence is the necessity of a vast number of charts too un- 
wieldy for use. For many purposes the charts with constant 
properties, as for example those by Gurney and Lurie, are suf- 
ficient. 

This of course should not imply that it is not desirable to have 
methods which permit the solution of problems considering the 
change of properties, but it is the opinion of the writer that such 
methods will be more helpful to the research worker than to the 
practicing engineer and that it is most important to help the 
latter by development of easily usable curves and charts. 


AUTHOR’s CLOSURE 


Lieutenant Fowler’s discussion is welcome in supporting the 
author’s opinion that the methods may be of use in metallurgical 
research. The phase change of principal interest to Lieutenant 
Fowler, and perhaps to other metallurgists, is that occurring in 
steel around 723 C. There are many examples of this; for a 
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recent one we may cite a paper by Hess. By the numerical 
method, good qualitative agreement has been obtained with 
experimental heating and cooling curves. Better quantitative 
results depend on better determinations of physical properties. 
If merely a mean value of specific heat is used, the true shape of 
the curves is not obtained. When qualitative agreement does 
not exist, quantitative accuracy can be only accidental. 

Where temperature changes are small and the principal phe- 
nomenon is freezing, the author recommends the analysis of 
London and Seban.” 

Lieutenant Fowler suggests that the criteria for choice of 
modulus are unduly restrictive, and it is to be hoped that his 
studies on this subject will be published soon. In the meantime, 
the author can only say that, in practice, observance of the 
criteria will avoid divergence and the oscillating type of con- 
vergence. The worst one gets is a poor result at the first com- 
puted point, such as occurs in Fig. 3 of the paper, at 0.5 sec at 
point 4. This was noted by Professor Paschkis. If this is not 
satisfactory for the purpose at hand, the remedy is to use a 
closer network or a larger modulus. 

Mr. Hadley’s discussion is welcome, as it brings out the point 
that these methods may be used for any physical situation which 
gives rise to the same form of differential equation. The treat- 
ment of diffusion, however, involves some features which are 
worth illustrating by an example. 

The problem chosen!! concerns the drying of clay slabs. We 
have the following data and notation: 


LBs linbty hah mee De pec ee eae OSE Cee ene mare 
Wensteve(DONecary yy pr ec.cce © tern car cere 


0.4 sq cm per hr 
1.55 g per ce 


Initial concentration; Mo. 22. .2.cs.na se ase 0.27 gperg 

J Bragbired Wl tile omen ee Reon ry eke erat tere cis 0.20 g persq em hr 
HMali-phickness: Of Blab; iliersacier ied A ciecd inst 0.4 cm 
Equilibrium concentration, Ts;.............- 0.05 g per g 


The constant drying rate a@ will obtain until the surface concen- 
tration reaches the equilibrium value. We are required to find 
the time at which that will occur, and also the average concen- 
tration at that time. 

We express 7) and T,, on a volume basis as 0.418 and 0.078 g 
per cc, respectively. We choose reference point 1 at the surface, 
3 at the center line, and 2 halfway between. Then Az = 0.2 cm. 
If M = 3, At = Az?/DM = 0.04/0.4 X 3 = 1/30 hr. For 
points 2 and 3 the formulas are: Tz; = (71 + T2 + T;)/3 and 
T; = (2T, + T;)/3. 

The treatment of the surface point is somewhat different, as we 
use the ideas of section 5 of the Appendix, rather than section 3. 
Considering the effect of the interior alone, we would have the 
formula 7; = (1; + 272)/3. We use this, but concurrently we 
have the effect of the constant drying rate. Applying this to the 
half-element at the surface, and calling the result AJ’, we have: 
AT = aAt/1/,Azr = 0.2 X 2/0.2 X 30 = 0.067 g per ce. 

We are now ready to calculate Table 3 of this closure. In the 
numerical work, all concentrations are multiplied by 1000 to 
avoid decimals. 

By interpolation, the time of reaching the equilibrium concen- 
tration at the surface is (16 + 7/17)/30 = 0.55 hr. The solution 
given in the reference?! is 0.545 hr. 

When 7; = 0.078, Tz = 0.153, and T; = 0.178. The mean 
value, 7’, = 0.141 g per ce = 0.091 g per g. The reference solu- 
tion is 0.094 g per g. 


9 “Fuel-Fired Techniques and Their Possibilities,’ by F. O. Hess, 
Mechanical Engineering, vol. 67, 1945, p. 442. 

10 ‘Rate of Ice Formation,”’ by A. L. London and R. A. Seban, 
Trans. A.S.M.E., vol. 65, 1943, p. 771. 

11 ‘Principles of Chemical Engineering,’ by W. H. Walker, W. K. 
Lewis, W. H. McAdams, and E. R. Gilliland, MeGraw- Hill Book 
Company, Inc., New York, N. Y., 1937, p. 656. 


TABLE 3 
At Ti T2 T3 At Ti T2 Ts 
0 418 418 418 4 289 364 388 
1017 1041 1116 
339 
67 67 
t ) yeey ee 418 5 272 347 372 
a 966 991 1066 
(b) 396 322 
(c) 67 67 
329 396 418 6 255 330 355 
1121 1143 1210 
oe (d) 170 170 170 
3 307 381 403 16 85 160 185 
1069 1091 1065 405 430 505 
356 (e) 135 
67 67 
4 289 364 388 17 68 143 168 
Notes: (a) On this line we enter T; + 272, T: + To + 73, and 272 + T3. 


(b) We divide the entries on line (a) by 3. 
is entered on this line. 
entered below. 

(ce) Wesubtract 0.067 here, at every time interval. 

(d) Here we observe that a parabolic distribution has been 
established and each T decreases by 0.017 during each time interval. So we 
can jump to the 16th interval by subtracting 0.170 from each T. 

e) The given equilibrium concentration at the surface is reached 
between the 16th and 17th intervals. 


The result for column 1 
The results for the other columns are final and are 


But now, assuming no vapor forms in the material, suppose we 
want to go on and find the time required to bring the center-line 
concentration down to 0.70 g per g = 0.109 g percc. To do this 
analytically requires shifting to a new formula. But we can do it 
numerically merely by continuing the calculation with a fixed 
value of 7;, asin Table 4. The solution is 22/30 hr. 

As a final illustration, suppose the equilibrium concentgation is 
less than 0.078 g per cc, so that it is possible to go below this value. 
But suppose this figure represents a concentration below which 
we do not wish to go. Then the lines such as (c) in Table 4 give 
the drying rates which we must maintain in order to get this re- 


sult. In other words, the method enables the prediction of a 
schedule for controlled drying. 
TABLE 4 
At T1 T2 Ts At Ti T: T3 
16 85 160 185 19 78 120 137 
(a) 405 430 505 318 335 377 
(b) 135 106 
(c) 57 28 
17 78 143 168 20 78 112 126 
364 389 454 302 316 350 
121 101 
43 23 
18 78 130 151 21 78 105 117 
338 359 411 288 300 327 
113 96 
35 18 
19 78 120 137 22 78 100 109 
Norers: (a) and (b). These lines are obtained as before. 


(c) The value of 7: being fixed by equilibrium, we get this line by 
ae teee It shows the rate at which drying will actually proceed, under 
the assumptions. 


It adds to the paper to have a discussion by Professor Paschkis 
who has done so much with the electrical analyzer. In reply to 
his comments, we note first that if elements 1 and 2 are brought in 
contact and isolated, the steady-state temperature will be the 
weighted average ‘of the initial temperatures, and each element 
can approach this steady-state temperature from only one direc- 
tion. 

As to T’, depending on T2 in a negative sense, this would 
amount to saying that the hotter a body is at a given instant, the 
colder it must be at some selected future instant. 

The discontinuity in Fig. 3 of the paper has been noted in reply 
to Lieutenant Fowler’s discussion. It is due, not to error in the 
calculations, which are easily verified, but to the crude “lumping” 
chosen to make the example simple. 

Professor Paschkis states that ‘lumping in time. . .is obviously 
a disadvantage as against the analogy method.” The author is 
unable to agree. Ifa method can be made “sufficiently” accurate 
for the engineering purpose at hand, then no further refinement is 
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necessary or justified. If it cannot be made sufficiently accu- 
rate, then it must be discarded upon that eround, and not for any 
hypothetical reason. 

‘As to what constitutes “sufficient” accuracy, that is a matter of 
engineering judgment. A good engineer will use all refinements 
which the job demands and will skip any refinements which the 
_ job does not warrant. In fact, many problems in heat conduc- 
tion are too complicated for any sort of analysis and are best 
solved: by trial-and-error experiment. 


NOVEMBER, 1945 


Finally, in favor of the numerical method, there is a sort of 
accuracy not subject to reasoning. This lies simply in human 
fallibility—the chance of making a mistake. The author finds 
that in simple arithmetic, which is all that this method demands, 
it is hard to make a mistake and easy to detect and remedy one 
when made. The opposite is true when working with parameters 
which have no obvious physical significance, or with the series 


which arise in analytical solutions. 


— 


An Electrical Geometrical Analogue for 


Complex Heat Flow 


By C. F. KAYAN,! NEW YORK, N. Y. 


Through the medium of the resistance concept, the 
general similarity of “‘contour maps” for heat flow and 
electrical flow may be visualized. The electrical analogy 
permits ready study of simple and complex heat-flow 
conditions which, because of distorted temperature condi- 
tions, would defy orthodox mathematical or graphical 
analysis. Internal-temperature lines (isotherms) ob- 
tained by relatively simple equipment with a geometrical 
type of analyzer are shown for one complex case of flow 
conditions. 


Previous EvecrricaL ANALOGIES 


SE of the electrical analogy to study heat flow for different 

shapes is not new. Herein electrical potential differences 

(voltages) are equivalent to the thermal (temperatures). 
Because of ready manipulation and prospect of accurate measure- 
ments, the electrical analogy is regarded as a very useful tool. 
Whereas the electrical-conduction effect is more usually thought 
of in this connection, still it is not the only electrical effect availa- 
ble; for example, electrical capacity for steady-flow studies has 
also been used. But the electrical-conduction effect so well 
parallels the heat-conduction effect that in terms of the so-called 
resistance concept, inherently involving Ohm’s law of electrical 
flow extended to heat flow, the problem of flow may be readily 
visualized. 

Langmuir, Adams, and Meikle (1)? in 1913 described the use of 
an electrical bath in a shallow tank for model study of different 
heat-flow shapes, as, for example, a thick corner. Here the inside 
and outside surfaces of a thick corner in two-dimensional heat 
flow were represented in the model by metal corners forming the 
vertical walls of the tank. Beyond the corner for each wall were 
set up boundary partitions; these and the tank bottom were 
made of nonconducting material. A conducting liquid electro- 
lyte represented the single isotropic homogeneous material of the 
heat-flow corner. With an alternating-current electrical poten- 
tial established between the parallel wall electrodes, the equiva- 
lent of steady-state heat-flow conditions between constant- 
temperature walls was set up. By means of an electrical probe, 
isopotential lines representing isothermal lines in the solid body 
could be established. This was truly a geometrical heat-flow 
analogue, The same type of analysis for two-dimensional flow 
could be made by replacing the liquid bath by a solid conductor of 
uniform electrical characteristics, using thin metal or other 
conductive sheet cut to the pattern desired, with isopotential 
electrodes connected at the boundary for isothermal conditions. 
This has been used by many as a simplification of the Langmuir 
liquid bath. With direct-current electrical flow established 
between boundary edges, isopotentials could be probed and 


1 Department of Mechanical Engineering, Columbia University. 
Mem. A.S.M.E. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of Tus 
AMERICAN Society or MECHANICAL ENGINEERS. 

Nors: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


plotted to represent conditions for a simple homogeneous ma- 
terial between isothermal surfaces. 

Another form of electrical analogue, the network analyzer, 
primarily devised for transient heat flow, was described by 
Paschkis and Baker (2) in 1942. Here the heat-flow path, 
whether one-, two-, or three-dimensional, was represented by a 
number of electrical resistors arranged in the form of built-up 
network to simulate through the resistance concept the thermal 
resistance of the original heat-flow form. A direct-current elec- 
trical-potential difference established across the boundaries of 
the network set up the flow conditions equivalent to the heat- 
flow conditions. The network type of analogue also permitted 
handling of transient conditions. This was truly the outstanding 
point basic to the design. Here heat-storage effects of solid-wall 
structures were simulated by electrical condensers which could 
be charged or discharged, during a transient process. For steady 
flow the condensers were not required. 

Of additional interest is the electrical analogue as based on 
conductive sheet. This has been used to some extent for flow 
analysis by different experimenters, principally foreign. It has 
received scant attention in the American literature, more in the 
European literature; particularly recent work by Bruckmayer 
(3) has come to light and should be cited. Using metallic foil to 
represent a wall of composite material between isopotential 
boundaries, Bruckmayer cut the sheet to include straight thin 
strips of foil to represent a layer of insulating material. This was 
a step in the right direction, but it obviously had limited applica- 
tion and could handle only simple cases of one-dimensional flow 
between isothermal faces, without surface-boundary effects, such 
as due to air “‘films.”’ 

Finally should also be mentioned, in passing, the heat-flow 
version of the Southwell relaxation method, the numerical pro- 
cedure of Emmons (4). This is often cited by its proponents as 
having preferential features over the analogical methods. It is a 
useful tool. For certain work it has admitted advantages, but 
since it does not fall into the classification of electrical analogies, 
it will not be discussed any further here. 

The geometrical analogue of the Langmuir type, whether fluid 
or solid, has the advantage of simplicity in obtaining the direct 
geometrical patterns occurring in flow; it has certain shortcom- 
ings: (a) Limitation to a single homogeneous material between 
the two potential levels; (6) requirement of isopotential boun- 
dary-surface wall conditions. There are also some practical 
objections to working with a bath. On the other hand, the net- 
work type of analyzer has the advantage of full utilization of the 
resistance concept with extension to multiple materials in a com- 
plex heat-flow path. It is very flexible. It has the advantage 
of permitting change of physical properties readily, and above all 
of being able to handle transient conditions, which is its par- 
ticularly outstanding feature. However, its equipment is ad- 
mittedly extensive and since it is not a direct geometrical ana- 
lyzer, the determination of the geometrical pattern of isothermals 
is not readily made. 


PRESENT GEOMETRICAL ANALYZER 


To meet some of these shortcomings, the present electrical 
“analogger” employing conductive sheet has been devised. It is 
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of the geometrical type and primarily for steady-state one- and 
two-dimensional studies. It permits inclusion of fluid boundary 
conditions for multiple homogeneous materials in the heat-flow 
path. Thus it is not limited to isothermal conditions at the 
boundary walls, and to one single material. Broadly considered, 
it is founded on the basic principles of the electrical analogy; 
equivalent temperature conditions for a heat-flow path can be 
determined through analysis of an electrical flow path in which 
the component resistances have the same relationship between 
themselves as the thermal resistances. In both types of flow 
the potential difference is equal to the product of flow rate and 
resistance. 


O°F O°rF 


30! 
CEMENT PLASTER 


Fie. 1 Cross Srection oF BurLpine STRUCTURE 


The analogger is best understood by considering a particular 
case. Fig. 1 represents conditions for a given building structure. 
One set of rooms is at 0 F, another at 100 F, with a concrete floor 
between the two temperature zones, and a concrete wall between 
the adjoining rooms at one given temperature. The floor and the 
cold wall in addition carry insulation as indicated, with con- 
crete surface added for physical protection. Dimensions are 
indicated in the figure. Since opposite conditions are similar 
(mirrored), only one side need be analyzed as set up by the center 
line. (This is equivalent to considering perfect insulation at the 
center-line boundary.) It is desired to obtain the steady-state 
internal-temperature lines, as well as the underside floor and wall- 
surface temperatures in the 100 F room, to study possible con- 
densation under humid conditions. 

The boundary condition produced by the still air in both rooms 
is readily interpreted through the ‘‘film’’ concept of heat transfer, 
added and coupled to the resistance concept. Considering re- 
sistances on the unit-area basis, the air boundary resistance R,, 
deg F/[Btu/(ft?)(hr)], may be defined as 


where h, = air-side surface conductance, Btu/(ft®)(hr)(deg F). 
The resistance R,,, deg F/[Btu/(ft?)(hr)], of the wall material is 


TRANSACTIONS OF THE A.S.M.E. 


NOVEMBER, 1945 


Le 
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L,, = thickness of wall material, ft 
thermal conductivity of wall material, Btu/(ft?) (hr) (deg 
F/ft) 


> 
8 
I 


Thus for a given value of h, there is a corresponding value of 
resistance R,. For a given conductivity of wall material, there 
is some equivalent length or thickness L, of material that would 
give the same resistance R, to heat transfer as the air boundary 


thus 


Hence if there were involved only an air boundary and a wall 
thickness, the equivalent electrical resistances to represent the 
conditions would be proportional to L, and L,. For conductive 
sheet of uniform unit resistance therefore these resistances could 
be represented by proportional lengths directly on the sheet. 
This takes care of the fluid boundary conditions, in terms of 
equivalent length of solid material to produce the same resistance 
effect. (Though not so apparent, the same general result would 
be produced by direct consideration in terms of the resistance con- 
cept.) 

The next point to be considered is the problem of insulation, or 
of different materials in the heat-flow path. Considering the 
solid wall as the basic material in the problem, lengths of the ac- 
tual heat-flow path are directly represented on the conductive 
sheet. However, insulation in the geometrical electrical analogy 
requires increased unit resistance in the sheet material to repre- 
sent increased thermal resistance: this is brought about by 
modifying the electrical characteristics of the sheet. 

The effective electrical unit resistance of a given section may 
readily be altered by cutting the sheet carefully into a mesh pat- 
tern (perforating). This alteration may be made in progressive 
steps during an investigation, thus covering different values of 
equivalent thermal resistance in insulation, and enabling progres- 
sive study as well as interpolation for exact value. One type of 
mesh that may readily be used is the square mesh shown in Fig. 2 
with progressive alteration. The transverse (edge-to-edge) 
resistance of mesh sheet as compared with equivalent solid sheet 
increases as the amount of cutout area increases. The resistance 
characteristics may be determined by direct comparative elec- 
trical measurements. (For a 1-in. nominal mesh, 0.80-in-square 
holes and 0.20-in. web, the resistance ratio was measured and 
averaged about 4.6.) Of course it is essential that one continuous 
sheet be used and that the webs of the mesh be in no way cut 
through. It is further to be noted that the mesh may be adjusted 
to handle material with differing conductivities depending on the 
direction of heat flow, as, for example, in wood with-the-grain 
vs. across-the-grain conductivity. 


DETAILS OF CONSTRUCTION FOR MopEL 


Based on the principles outlined, a geometrical model repre- 
senting the insulated structure in Fig. 1 has been constructed 
and is shown in Fig. 3, with its electrical connections for the one- 
half section of the symmetrical layout. In accordance with the 
geometrical-model requirements, the proportions are to scale; 
as a matter of fact the model is full size and of the actual structure 
dimensions. It is made from one large continuous sheet of metal- 
lized paper. 


—— 


KAYAN—AN ELECTRICAL GEOMETRICAL ANALOGUE FOR COMPLEX HEAT FLOW 
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100 SQUARE MESH. 
0.80 SQUARE OPENING, 
0.20 WEB. 


200 SQUARE MESH. 
1.80 SQUARE OPENING. 
020 WEB. 
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Fie. 3 ExpeRIMENTAL SETUP 


In addition to the dimensions shown in Fig. 1, the following 
basic data have been assumed for the problem: h,, representing 
still air, has been taken at 1.65 Btu/(ft?) (hr) (deg F) for all of the 
air boundaries. This could readily be varied for different condi- 
tions. The conductivity of the concrete floor and wall, taken as 
equal, has been assumed as 0.50 Btu/(ft*) (hr) (deg F/ft). Thus 


Using continuous metallized conductive sheet for the geo- 
metrical model, one edge of the conductive sheet is assumed to 
represent the center line of the wall, Fig. 3. The wall proper as 
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*the basic material is represented by a 3-in. width on the sheet as 
measured from the center-line edge. As shown at the bottom, an 
additional 3.63 in. represents the air-boundary effect on the bare 
concrete wall. The 4 in. of interposed insulation on the upper 
wall are represented by a 4-in. strip of modified sheet as produced 
by cutting a mesh pattern in the original sheet. To account for 
the 0.30 in. of concrete facing as well as the air boundary, the 
additional solid material beyond the insulation on the upper wall 
is 3.93 in. Similar treatment is arranged for the floor conditions, 
6 in. of insulation being represented by 6 in. of modified sheet, the 
floor slab and air boundary together represented by 7.63 in. of 
solid sheet. The treatment for the different parts is clearly 
shown in the diagram. An electrode making good line contact 
with the sheet is fastened down at the limiting positions as shown. 
Thus isopotential conditions are established for the air. Elec- 
trical connections are made according to the diagram. Direct 
current from a storage battery supplies the electrical needs, the 
voltage required being relatively small, a matter of a few volts. 
Proportional electrical potentials over the entire field are ob- 
tained using the slide wire, a detecting galvanometer for balance, 
and a probe for point contact at different locations. 

The results are best illustrated by a ‘contour map” of relative 
electrical potentials with equivalent temperatures shown. Thus 
the 90 per cent isopotential line (0.900) is equivalent, for an over- 
all value of At = 100 F to 100 X 0.900 = 90 F. Fig. 4 represents 
such a contour map for the 1-in. mesh, that is, for insulation hay- 
ing a resistance ratio of about 4.6, i.e., kins = 0.109 Btu/(ft?) (hr) 
(deg F'/ft). 

It must be pointed out that the method is dependent on the 
uniformity of the sheet electrical conductivity in all directions. 
This has been a problem and various materials have been studied 
from this point of view. In addition, an analysis by this method 
can be no better than the original assumed data and physical 
properties. Also receiving further consideration is the require- 
ment that the resistance ratio for mesh in all directions should 
be the same. This is somewhat dependent upon the accuracy of 
cutting and duplicating the mesh. Present investigations show 
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an apparent deviation of less than 5 per cent. It should further 
be noted that the model for multiple thermal conditions may also 
be built up by using different component materials such as sheet, 
of different unit resistance, with or without mesh. Experi- 
mental studies are also being continued, for comparative 
purposes, on the application of the fluid model to this type of 
problem. 


Motrtiete Marpriats By TANK Murrnop 


The extension of the geometrical analogy in steady-state flow, to 
cover fluid boundary resistances as well as multiple materials of 
different relative conductivity, has been undertaken for the tank 
(electrolyte) method and will be reported on in detail at another 
time. Here the solid boundaries of the structure are associated 
with a thermal-film resistance. This is represented by tank-wall 
electrodes, having electrical resistances interposed between them 
and the electrical potentials representing the fluid temperature 
levels. 

The problem of altering the electrical resistance of the liquid 
bath according to the fixed pattern of the actual structure is quite 
important and accordingly has been studied in detail. The 
liquid bath, it must be remembered, is conductive by virtue of its 
behavior as an electrolyte. Salt solutions such as NaCl, etc., 
take care of this requirement. But for different unit resistances 
in different parts of the tank, in effect a different material must 
be present. This can be realized to some measure by using sand 
or other porous material for the more resistive sections of a 
structure, the electrolyte penetrating the porous material in its 
fixed location. 

More promising results have been obtained in another manner. 
The goal in the ideal is to have material combinations whose pro- 
portional resistances can be adjusted at will, to cover different 
physical characteristics of structural materials. The use of a 
solidified-jelly bath (about 1 in. deep) with different amounts of 
dissolved salt is proposed for this purpose. The jelly is liquid at 
temperatures somewhat above atmospheric, and different 
amounts of salt may be dissolved in it while it is in the liquid 
form, 

As a practical operation, different material combinations 
may readily be made up by using plain salt solution against a 
solid-jelly mass. Different shape configurations may be cut out 
of the solidified-jelly mass to conform to the actual structure 
shapes. The jelly, a semirigid solid mass, is still soft enough to 
permit the penetration of an exploring potential probe. 

Fig. 5 shows alternating-current results (potential versus length 
of path) for a test cell originally containing one solid-jelly mass 
between its end electrodes, as well as the results with the middle- 
third solid section cut out and replaced by a liquid electrolyte of 
different conductivity from the solid. The sharp change of slope 
clearly shows the differing possibilities in the analysis of complex 
flow systems, 

The present method offers possibility in handling numerous 
complex flow problems in different fields of stable flow on a simple 
basis. One problem of interest in this connection is that of ex~- 
tended surface. 

Another is that of diffusion. Still another is involved in some 
aspects of fluid flow. The equipment required is not complex, 
and the general advantage of geometrical similarity to actual con- 
figurations makes it an attractive working tool. 
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Discussion 


G. M. Dustnserre.? The writer has favored the “relaxation” 
method for solution of most steady-state heat-conduction prob- 
lems. But where the geometry is complex, a close network is 
needed and the work becomes rather tedious. Also, if a plot of 
the isotherms is required, we must interpolate over the network. 
Though this last step is not difficult, the electrical analogue avoids 
the necessity for it. Thus the ingenious methods developed by 
the author have certain definite advantages in this field of applica- 
tion. 

One may question the accuracy of the use of a thick layer of 
isotropic conducting material to represent the effect of a convec- 
tive air film. The model permits a heat transfer parallel to the 
surface, equally with the normal direction, and this would not 
appear to be correct for the actual film. 


Max Jaxos.4 The paper under discussion shows that the 
possibilities to develop or modify analogy methods for heat-flow 
determination are not exhausted as yet. However, the author 
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seems to have overlooked that Awberry and Schofield® ®7 have 
previously used the electric resistance of a thin metal sheet, cut 
geometrically similar to the cross-sectional area of a wall, to find 
the thermal resistance of that wall. An ingenious modification 
of this method is also due to Schofield.*.7 Since the flow and 
equipotential lines cross each other perpendicularly, he measured 
the electrical resistance of the model in the direction of the equi- 
potential lines of the original in cases where the resistance along 
the flow lines of the original was much smaller than perpendicular 
to them and would have been difficult to measure exactly. 

In general, the writer would prefer continuous sheets of differ- 
ent thickness to mesh sheets. An advantage of the model method 
with solid sheets, compared to the relaxation method, is the per- 
fect geometrical similarity between object and model, whereas a 
web approaches geometrical similarity less well than the ideal 
web used in the relaxation method. However, if local differences 
in the thermal resistance of a wall are to be imitated, this may be 
done efficiently by punching holes of appropriate size at corre- 
sponding places of the model. A wall built up from hollow 
bricks would be such a case although the merit of the method 
should be greatest when irregular and singular differences in the 
resistance are to be imitated. The change of thermal conduc- 
tivity of the material of a wall with temperature through the 
wall may also be dealt with in this way. — 

In addition to the previous electrical analogies quoted in the 
paper, the writer would like to mention that he used a magnetic 
analogue® as early as 1914. An electromagnet was made having 
a core of sheets which were cut to size so that the poles imitated the 
shape of the surface of the object. Cardboard, cut geometri- 
cally similar to the cross-sectional area of the object, was placed 
between the magnet poles and covered with iron filings. The 
magnetic-force lines formed by the iron filings, after excitation 
of the magnet, imitated the thermal flow lines and were used to 
determine the heat conduction. 


Victor Pascuxis.? The author should be commended for 
bringing into literature a tool which is so frequently used today 
but of which little has been written in American literature. 

The use of electrical analogy between heat flow and electric 
current for the analysis of steady-state problems, based on a 
geometrically similar model, has undergone a long development 
between its inception by Langmuir and the present status. It may 
be of interest to review briefly some of the intermediate steps. 
In so doing it should be kept in mind that the analogy holds for 
any field to which the Laplace equation may be applied. 

In 1922 N. N. Pavlovski (Leningrad) applied this method to a 
study of the flow of water under hydraulic constructions. Also in 
1922 Puppini (Bologna) used electric models for the same purpose.!” 

In 1933, C. B. Biezeno and J. J. Koch described the application 
of the geometric analogue to stress analysis.11 This method was 
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again described by H. Meyer and F. Tank.!2 In 1987, B. Finzi- 
Contini (Milan) published an article on the application of this 
method to heat flow.!8 

In the same year C. L. Beuken (Maastricht, Netherlands) pub- 
lished some work on development based on Langmuir’s tank 
method.'4 Finzi-Contini and Beuken, apparently working inde- 
pendently of each other, developed a method allowing the intro- 
duction of boundary conductance. The continuous electrode as 
applied by Langmuir is replaced by a number of individual elec- 
trodes, each connected with a resistor which may be equal if the 
boundary conductance is to be assumed constant or can by the 
trial-and-error method be adjusted to the potential at the elec- 
trode; it then simulates a temperature dependency of the bound- 
ary conductance. It should be noted that Finzi-Contini men- 
tions work with India ink, with mixtures of carbon and graphite, 
and with a gelatin containing electrically conducting powders. 
Without giving details, he states that these methods did not give 
so good a result. He also tried to reproduce different conduc- 
tivities by applying tanks of different depths but found that if 
the depths were too different the analogy to heat flow was no 
longer close enough; or to be more precise, replacing change of 
conductivity by change of cross section is permissible only within 
limits. 

The author mentions meshing in order to represent a higher 
thermal resistivity. His method is a definite improvement as 
against Bruckmayer. From Bruckmayer’s paper it would appear 
that the conductivity perpendicular and parallel to the direction 
of main heat flow are not the same, at least in the ‘cork part.” 
Kayan’s method provides for equal conductivity in both direc- 
tions of flow. Bruckmayer’s method may be simpler and may be 
acceptable if conductivity in one direction can be neglected. 
Otherwise Kayan’s method seems preferable. Bruckmayer uses 
copper connectors for introducing the current to the tinfoil and 
places the tinfoil and the copper connectors on linoleum, and 
finally the entire assembly on a board. By bolting the metal to 
the board he claims to get intimate contact between copper and 
tin, 

It may be of interest to note that Bruckmayer" recently de- 
scribed the application of his method for a problem quite closely 
related to that dealt with in the paper, namely, the investigation 
of thermal short circuits in refrigerated spaces. 

The author points out two dangers inherent in the geometric- 
analogy method. One is the possibility of uneven thickness of 
resistivity of the metallized paper. It is mentioned that the re- 
sistivity across the paper was measured in length and width and 
that the difference was 5 per cent. If irregularities do occur, it is 
not sufficient to measure over-all resistance in two or three direc- 
tions, because a local change in thickness at critical points may 
spoil the entire measurements. The other is the necessity of 
cutting the perforations very accurately. In the example men- 
tioned, the web was 0.2 in. wide; a change in thickness of 0.02 in., 
which certainly is within possibility, would cause an error of 10 
per cent. It appears dangerous to represent high resistivity by a 
material of low resistivity using very small ¢ross sections. 

The author of the present paper mentions also the “heat and 
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der Gleichung A ¢ = o und Seine Anwendung Bei Photoelastischen 
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nico, vol. 85, Sept., 1937, pp. 291-298. 
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mass flow analyzer’ at Columbia University and gives a brief 
description of it. The network analyzer and the geometric 
analyzer both have their useful fields of application. For in- 
vestigations of one single problem probably the use of the geo- 
metric analyzer is less expensive, provided the necessary measur- 
ing equipment is available and provided the afore-mentioned diffi- 
culties can be overcome. If, however, a series of investigations 
has to be carried out with only minor changes either in properties 
or in geometry, then the circuit set up on the network analyzer 
(heat and mass flow analyzer) remains almost the same and the 
only necessary changes are settings of the resistors. In that case 
work on this type of equipment would appear preferable because 
the actual measurements are at least as fast on the network 
analyzer as on the geometric analyzer and the change of setting of 
resistors is certainly faster than the preparing of new geometric 
analogues. 

In comparing the two methods of electrical analogy it should 
be kept in mind that the accuracy of the elements of the circuit 
in the case of the lumped (network) method is easily measurable 
and not subject to change from one experiment to the next, 
whereas in the geometric-analogy method the accuracy (even 
thickness and precise cutting) has to be ascertained in every 
case anew. 


R. G. VaNDERWEIL.16 We made a thorough investigation as 
to the behavior of building structures heated by tubes (panel 
heating); and the time required for building and testing the 
panels would have been reduced to a fraction if the panels could 
have been “cut out of paper,” and the readings taken in volts. 
There is one point, however, the writer would like to note. The 
boundary layer in this system is replaced by a layer of “building 
material’ of constant thickness (author’s equation) 


Now, we have found in tests that the equivalent thickness of 
the actual boundary layer does not only vary with the average 
surface conductance of the film h,, but also with the direction of 
the heat flow near the surface of the slab. Wherever the heat flow 
at the slab surface is essentially perpendicular to this surface 
Equation [4] of the paper is in excellent agreement with panel 
test results, but at points where the heat-flow lines within the 
panel intersect the slab surface under an angle much smaller than 
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90 deg, the actual equivalent thickness of the boundary layer 
seems to be smaller than the computed thickness L,. Applied to 
Fig. 3 of the paper, this would indicate that all readings along 
the center part of ceiling and floor will be in good agreement with 
actual conditions but readings taken near the intersection of 
ceiling and wall as well as floor and wall may be off for 10 per cent 
or more. By comparing the measurements on the actual slab 
and on the electrical analogue it may be possible to compensate 
for this inaccuracy by changing the thickness L, near the corner. 


AuTHOR’s CLOSURE 


The author wishes to acknowledge, with appreciation, the con- 
tributions of the discussers, particularly those of Dr. Max Jakob 
and Dr. V. Paschkis in providing the additional citations for am- 
plification of the brief list of fundamental references given in the 
paper. They round out the history of the electrical analogy for 
the American literature. 

As pointed out directly at the beginning of the author’s paper, 
the general method is not new and stems from the Langmuir de- 
velopment cited. However, the additional references, dealing in 
the main with relatively simple cases, serve to emphasize the point 
brought out in the paper that the present treatment was particu- 
larly devised to meet some of the shortcomings of earlier electrical 
analogies, i.e., to permit ‘geometrical’ analysis of complex 
cases involving multiple materials and also boundary conditions. 

Commander Dusinberre properly brings up a point on which 
the author gave some considerable thought, having been of the 
same opinion as to the possibility of crossflow in the boundary 
material, particularly at the corners. Nevertheless, upon slitting 
the conductive sheet at the corners after the final experiments, no 
perceptible changes in values could be detected, with the conclu- 
sion therefore that whereas the possibility of crossflow still exists, 
no ultimately great error need be expected. 

Likewise the point of Mr. Vanderweil, with respect to the non- 
uniform character of the film conductance h,, has merit. In the 
paper the value was assumed constant over the surface, and 
through the use of a constant value for L, a fixed distance was as- 
signed as the corresponding value of wall resistance. It is sug- 
gested that if more specific information is available for the varia- 
tion of h, over the surface, the variation may be handled by using 
the correspondingly varying value of L, along the surface. 

Finally, the author has pointed out the need for care in dealing 
with the conductive sheet method. Dr. Paschkis’s observations, 
in concurring with the author’s viewpoint, serve to emphasize the 
need for diligent procedure in using the described analogue. 
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